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Preface 


The  past  decade  has  seen  a  rapidly  accelerating  development  of  computational  methods,  following  the  ever  increasing 
computing  power  offered  by  modem  technology. 

The  new  tool  has  found  immediate  and  wide  application  in  fluid  dynamics  initiating  a  new  era  in  this  field  by  opening  unlimited, 
as  we  see  it  at  the  present  time,  horizons  in  research  and  development  with  corresponding  technical  implications  for  the 
aerospace  industry.  In  retrospect  it  appears,  that  the  fluid  dynamicist  of  the  sixties  or  even  the  seventies,  could  have  hardly 
inured  that  solving  problems  of  considerable  complexity  as  those  handled  by  today's  computers,  could  have  been  possible 
within  the  elapsed  short  period  of  time. 

During  the  first  part  of  the  past  decade  the  ability  of  the  developed  computer  codes  to  produce  relatively  economically  a  great 
amount  of  information  regarding  flow  characteristics  around  bodies  of  complex  geometries  created  a  sense  of  euphoria  mainly 
among  users  of  computational  techniques.  However,  it  was  soon  recognized  that  in  order  to  produce  valid  answers  to  questions 
related  to  intricate  flow  cases  by  em^oying  CFD  methods,  more  is  required  than  simply  developing  computer  capabilities 
matching  the  complexities  of  the  problem.  Validation  procedures,  initiate  as  early  as  )9d8  with  the  first  Stanford  conference, 
have  been  gradually  introduced  as  an  indispensable  part  of  developing  valid  computer  codes.  Equally  important,  it  has  been 
also  widely  recognized,  that  suitable  modelling  of  physical  processes  in  flows,  .such  as  turbulence  transport,  constitutes  a  crucial 
factor  for  the  development  of  successful  prediction  codes.  This  cannot  be  achieved  without  adequate  understanding  of  the 
underlying  physical  aspects  of  these  phenomena. 

The  Fluid  Dynamics  Panel  of  AGARD  has  shown  a  keen  interest  in  computational  fluid  dynamics  in  general  and  for  turbulence 
modelling  in  particular,  following  very  closely  the  developments  in  these  areas,  as  related  to  the  arising  needs,  especially  in  the 
aerospace  industry.  As  a  result,  several  activities  in  the  form  of  symposia,  specialists'  meetings,  working  groups  etc.  have  been 
proposed  and  organized  by  the  panel  during  the  last  decade.  In  this  context  the  FDP  has  organized  a  Technical  Status  Review 
activity  on  the  ‘Appraisal  of  the  Suitability  of  Turbulence  Models  in  Flow  Calculations"  which  took  place  in  Friedrichshafen. 
Germany  on  April  26, 1990.  resulting  in  the  publication  of  the  present  Advisory  Report.  The  general  scientific  scope  within 
which  the  present  TSR  activity  was  placed,  has  been  defined  as  follows; 

i)  To  carry  out  an  in  depth  appraisal  of  the  suitability  of  existing  turbulence  models  for  use  in  flow  calculations.  For  this 
purpose,  available  information  from  the  existing  thwretical  and  experimental  work  on  the  subject  should  be  reviewed  and 
critically  evaluated. 

In  this  process,  the  underlying  physical  concepts  for  each  particular  turbulence  model  should  be  considered  as  they  apply 
to  different  flow  cases,  therefore  establishing  the  range  of  validity  of  each  model  for  flow  calculations.  Existing 
uncertainties,  discrepancies,  inadequacies  and  failures  in  reported  results,  rising  from  inherent  limitations  in  the  employed 
model  and/or  its  inappropriate  application,  should  be  pointed  out  and  discussed. 

ii)  To  evaluate  the  potential  of  existing  knowledge  regarding  turbulence  models,  in  covering  present  and  future  needs  in  the 
field  of  flow  calnlations. 

iii)  Based  on  the  above  studies,  to  issue  guidelines  for  future  theoretical  and  experimental  work  and  propose  a  number  of  key 
experiments  and  flow  calculations  cases  to  be  conducted  in  the  future. 

Since  the  capability  of  a  Technical  Status  Review  activity  to  fulfil  such  an  ambitious  scope  is  rather  limited,  a  subcommittee  has 
been  initial^  and  operates,  in  order  to  follow  developments  on  the  sul^t  and  suggest  to  the  panel  future  appropriate  actions 
to  be  taken. 

As  the  diairman  of  the  Technical  Status  Review  I  would  like  to  express  my  gratitude  to  each  and  all  members  of  die  committee 
responsible  for  organizing  and  implementing  Hits  activity.  Their  interest  and  enthusiasm  has  guaranteed  the  participation  of 
well-known  members  of  the  scientific  community  working  on  the  subject.  I  would  also  like  to  expre.ss  my  appreciation  to  the 
executive  of  the  Fluid  Dynamics  Panel,  Dr  W.Goodrich  for  the  interest  he  has  shown  and  the  assistance  extended  to  the 
committee  in  carrying  this  effort  to  its  final  goal  of  publishing  the  present  Advisory  Report. 


D.D.Papailiou 

Chairman  of  the  TSR  committee 


Preface 


La  demiere  decennie  a  ete  marquee  par  le  developpemem  fulgurant  des  methodes  de  calcul  grace  a  I'accrousement  de  la 
puissance  des  ordinateurs  offert  par  tes  technologies  modemes. 

Ce  nouvel  outil  a  trouve  des  applications  diverses  et  immediates  en  dyiiamique  des  fluides,  ou  il  a  peniiis  d'ouvrir  un  noveau 
domaine  d’interet  avec,  apparenunent,  des  horizons  UlimitK  de  recherche  et  developpetnent  ayant  des  implicatioos  tediniques 
importantes  pour  I'industrie  aerospatiale.  Retrospectivement,  il  est  certain  que  le  spedaliste  en  dynamupie  des  fluides  des 
annees  soixante  ou  soixante  dix  aurait  eu  du  mal  a  imaginer  que  la  resolution  de  proMemes  aussi  complexes  que  ceux  qui  sont 
traitn  par  les  ordinateurs  modemes  serait  acquise  dans  un  laps  de  temps  si  court 

Pendant  la  premiere  partie  de  la  demiere  decennie,  la  capadte  des  codes  machine  evohies  pour  geneter,  a  hiible  cout  relatif,  un 
volume  considerable  de  donnees  sur  les  caracteristiques  des  ecoulements  autour  de  corps  de  geometries  complexes  a  cree 
I'euphorie,  principalement  chez  les  utilisateurs  des  teduiiques  de  calcul.  Cependant  il  a  etc  vite  reconnu  que  pour  obtenir  des 
leponses  v^bles  aux  questions  touchant  des  cas  d'ecoulements  complexes  avec  des  methodes  d'aerrxlynainiqiie  numerique,  il 
ne  suffit  pas  seulement  de  developper  les  capacites  de  I’ordinateur  pour  qu'il  corresponde  aux  complexity  du  proMeme. 

Ly  procedury  de  validation,  dont  ly  piemiery  datent  de  1968,  epoque  de  la  premiere  conference  de  Stanford,  se  sont 
reveley  peu  a  peu  indispensable  au  developpement  de  cody  machine  valably. 

II  est  egalement  important  de  noter  qu'il  a  ete  largement  reconnu  que  la  modelisabon  adequate  de  certains  processus  physiquy 
dans  ly  ecoulements,  tel  que  le  transport  de  la  turbulence,  constitue  un  facteur  critique  pour  le  developpement  de  cody  de 
prediction  performants.  Ceci  ne  peut  se  faire  sans  I'acquisinon  de  connaissancy  appropriey  dy  ypects  physiquy  sous- 
jacents  de  cy  phenommy. 

Le  Panel  AGARD  de  la  dynamique  dy  fluidy  s'interesse  vivement  a  I'aerodynafflique  numerique  en  general  et  a  la 
modelisatioo  de  la  turbulence  en  particulier.  D  suit  de  try  pry  ly  travaux  en  cours  dans  cy  domainy,  dans  la  mesuie  ou  Us 
corrypondent  aux  besoins  qui  se  font  sentir,  en  particulier  dans  I'industrie  aerospabale.  Par  consequent,  differenty  activity 
lelles  que  symposia,  reunions  de  specialisty.  groupy  de  travail  etc.,  ont  ete  proposey  et  organisey  par  le  Panel  au  cours  de  la 
demiere  d^nnie.  Dans  ce  cadre,  le  FDP  a  developpe  une  activite  de  revue  technique  de  I'etat  de  Part,  intitulee  ‘L'evaluabon  de 
I'applicabilite  de  modely  de  turbulence  dans  le  calcul  dy  ecoulements"  le  26  avril  1990  a  Friedrichshafen  en  Allemagne.  Le 
present  rapport  consuliatif  y t  le  fmii  de  cette  r^ion.  Le  cadre  scientifique  general  de  ce  rapport  y t  defini  comme  suit: 

i)  Faiie  une  evaluation  detaiUee  de  I’applicabUite  dy  modely  de  turbulence  existants  pour  le  calcul  dy  ecoulements.  A 
cette  fin,  ly  informations  resultant  dy  travaux  theoriquy  et  experimentaux  doivent  etre  revus  et  evaluy  de  fafon 
critique. 

Dans  ce  proc^e,  ly  concepts  physiquy  de  base  pour  chaque  mod^e  de  turbulence  doivent  etre  considery  par  rapport  a 
differents  cas  d'ecoulements.  Ly  incertitudy,  divergency,  irsuflisancy  et  echey  dont  il  est  fait  mention  d^  |y 
resultats,  et  qui  proviennent  dy  limitations  propry  du  modde  employe  et/ou  de  son  application  inopportune  doivent  etre 
signaley  et  discutey. 

ii)  Evaluer  le  potentiel  dy  connaissancy  actuelly  en  ce  qui  conceme  ly  modely  de  turbulence  pour  couvrir  ly  besoins 
actuels  et  futurs  dans  le  domaine  du  calcul  dy  ecoulements. 

iii)  Sur  la  base  de  cy  etudy ,  etablir  dy  diteedvy  pour  de  fiinits  travaux  theoriquy  et  y perimentaux  et  proposer  un  certain 
nombre  d'experiency  des  et  de  cas  de  calcul  d'ecoulements  a  lancer  a  I'avenir. 

Un  programme  si  ambitieux  deborde  du  cadre  d'un  tel  .xatnen  et  un  sous-comite  a  done  etc  cree.  Il  a  pour  mandat  de  suivte  ly 
developpements  dans  ce  domaine  et  de  tecommander  dy  actions  futury  a  prendre  par  le  Panel. 

En  tant  que  Pryident  de  cette  revue  technique  de  I'etat  de  I’ait.  je  tiens  a  expritner  ma  reconnaissance  envers  tout  et  chacun  dy 
membry  du  comite  ryponsaUe  de  I’otganisation  et  de  la  mise  en  oeuvre  de  cette  activite.  Grace  it  leur  motivation  et  a  leur 
enthousiyme,  nous  avons  pu  compter  sur  la  partkipation  de  plusieuts  membry  emirtents  de  la  communaute  scientifique  qui 
travaillent  sur  ce  sujet.  Je  tiens  enfin  a  remercier  I'Administrateur  du  Panel  de  la  Dynamique  dy  Fluides.  le  Dr  W.Go^ri^, 
pour  I’interet  qu’il  a  manifeste  pour  ce  project  et  pour  I'aide  qu’il  a  bien  voulu  apporter  au  comite  pour  la  concretisatiofl  de  cy 
efforts  sous  la  forme  du  present  rapport  consultabf. 
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SUMMARY 

Turbulanca  research  proceeding  presently  at  various 
places  In  the  Netherlands  and  Belglua  la  briefly 
reviewed.  Subsequently  some  experimental  results 
obtained  In  turbulent  boundary  layers,  as  occur  on 
airplane  wings,  are  considered  In  relation  to  the 
usual  turbulence  model  assumptions.  The  status  of 
turbulence  modelling  is  found  not  to  be  satlsfac* 
tory.  To  support  the  development  of  semi*emplrlcal 
models  of  acceptable  accuracy,  a  more  extensive 
base  of  reliable  turbulence  data  would  be  desire 
able . 


MAIN  SYMBOLS 

k  constant  In  mixing  length  relation 

1  mixing  length 

p  static  pressure 

q  turbulent  kinetic  energy 

u.v.w  fluctuating  velocities 

U,V  mean  velocities,  in  x*  and  y'direction 
x.y  coordinates,  approximately  parallel  and 

normal  to  Che  mean  flow  direction 
6  boundary  layer  thickness 

6*  displecemenc  thickness 

X  pressure  gradient  parameter 

r  shear  stress 

Subscripts 

e  at  boundary  layer  edge 

tr  at  transition 

s  at  shock 

V  at  wall 


The  need  for  reasonably  accurate  turbulence  models 
Is  becoming  more  and  more  pressing  due  to  the  prog* 
ress  made  with  Che  development  of  efficient  solu' 
tion  procedures  for  the  Reynolds>averaged  Navier* 
Stokes  equations.  Though  turbulent  flow  research  is 
being  done  at  suny  places  for  quite  some  tiow  now, 
progress  has  been  slow.  The  field  of  resssrch  Is 
wide  and  comprises  very  different  flow  types,  e.g. 
turbulent  boundary  layars  along  airplanes  or  ships, 
stmospherie  boundary  layers,  open  water  flows. 
Internal  floira,  flows  with  chemical  reactions,  etc. 
A  auaury  of  the  research  work  going  on  presently 
In  Belgium  and  Che  Netherlands  will  be  given  hero. 
The  main  aim  of  the  paper,  however,  is  to  review 
concisely  the  state  of  tha  art  in  genaral  and  to 
discuss  tha  prospaets  for  accurate  turbulence 
models. 

After  the  siamary  of  local  work  In  saction  2,  the 
state  of  the  art  in  turbulanca  modelling  will  be 
exemplified  for  a  few  sia^la  flows  in  section  3.  On 
Che  basis  of  tkM  results  of  the  brief  wialysls  smw 
eonelttsions  will  be  drawn.  Finally  in  section  A  the 
author's  view  on  the  status  and  prospects  of  cut« 
bulenee  modslllt^  will  be  expressed. 


At  NLR  in  Che  Netherlands  the  activities  in  3D 
turbulent  boundary  layer  research  have  been  taken 
up  again  In  an  extensive  measurement  program  of 
mean  flow  and  turbulence  properties  in  the  shear 
layers  of  a  swept  wing  (Fig.  1).  This  is  a  European 
collaborative  project  with  companion  measurements 
in  Che  French  F2  wind  tunnel  (Van  den  Berg,  1988). 
Further  work  at  NLR  concerns  2D  Curbulent  shear 
layers ,  namely  turbulence  measurements  In  wakes  at 
strong  adverse  pressure  gradients,  as  occur  on 
wings  with  flaps. 


Fig.  1  Garteur  swept  slag  modol  for  3D  turbulent 

shear  layer  measuremeote  la  the  NLR  3  x  3  a^ 
Vlad  tunnel 


At  Delft  University  three  research  groups  are  ac* 
clve  In  turbulence  research.  At  the  Faculty  of 
Aerospace  Engineering  an  experimental  Invastigation 
of  the  flow  In  the  vicinity  of  an  airfoil  trailing 
edge  Is  near  co^)leclon  (Absil  A  Passchier.  1990). 
Pitot,  Laaer^Dopplar  and  hot-wire  meaauremanta  are 
carried  out  on  a  fine  measurement  grid  to  resolve 
Che  sudden  local  changes  In  the  flow  mar  Che  trai¬ 
ling  edge  (Pig.  2).  At  the  same  Faculty  recently 
maasurementa  have  been  initiated  to  obtain  tur¬ 
bulence  data  downstream  of  a  laminar  separaclom 
bubble,  as  well  as  in  turbulent  watea  at  large 
adverse  pressure  gradients  to  supplement  the  NUl 
date. 
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Fig.  2  L«ger-Ooppl«r  Beasurenent  r««ult«  at  0.5% 
ctior4  bablnd  an  airfoil  trailing  edge  In 
tbe  Oelft  Unlveralty  1.8x2.25  ^  vind 
tunnel 


At  the  Fluid  Dynaalcs  Dlvialon  of  the  Faculty  of 
Mechanical  Engineering  work  on  nuoerlcal  slnulatlon 
of  turbulent  flovs  la  going  on.  aodelllng  the 
aaall-scale  eddies.  The  large  eddy  slaulatlons  have 
been  done  pclisarlly  for  ataospherlc  boundary  layers 
(Van  Haren  &  Kleuvatadt,  1967),  but  extensions  to 
engineering  flovs  are  In  progress.  Experlaentally, 
coherent  structures  are  being  Investigated  In  a 
turbulent  boundary  layer  In  a  water  channel,  A 
project  on  turbulence  aanlpulatlon  by  surface  rlbl- 
ets  Is  carried  out  In  cooperation  with  Eindhoven 
University,  Faculty  of  Physics  (Pulles  et  al, 

1989).  Though  the  direct  objective  is  here  viscous 
drag  reduction,  an  isportant  byproduct  nay  be  a 
better  cooprehenslon  of  turbulent  flow  structu^  ^ 
near  Che  surface.  A  new  project  at  Eindhoven 
University  concerns  oeasurenents  on  the  decay  of 
swirl  in  a  pipe  to  support  turbulence  sodsl 
developisent  for  these  flows . 

At  the  Faculty  of  Physics,  Delft  University,  natur¬ 
al  convection  boundary  layers  alo  g  a  heated  verti¬ 
cal  plate  and  in  a  square  cavity  with  a  heated 
vertical  side  wall  are  investigated  using  different 
turbulence  aodala  (see  e.g.  Lankhorsc,  Henkes  & 
Hoogedoom,  1960).  For  these  calculations  a  spe¬ 
cial-purpose  processor  has  been  developed  to  solve 
efficiently  the  Navler-Stokas  equations:  the  Delft 
Havier  Stokes  Processor. 

Turbulence  siedalllng  for  ship  stem  flovs.  using 
the  parabolised  Reynolds-avereged  Mavler-Stokes 
equations,  Is  studied  at  the  Dutch  ttstittvs  rs' 
search  institute  KARIN  (Hoekstra.  1987).  At  the 
Oelft  Hydraulics  Laboratory  turbulence  aodels  for 


stratified  flows  are  investigated  (Uittenbogsard  A 
Baron,  1969).  The  application  of  turbulence  aodels 
for  the  prediction  of  flovs  with  suspended  par¬ 
ticles  is  considered  at  Shell  Laboratories  in 
Ansterdaa  (Roekaerts,  1989). 

In  Belgium  turbulence  research  work  ^Iso  Is  going 
on  at  several  places.  At  VKI,  Rhode-St-G^nAse.  both 
the  Aerospace  Department  and  the  Environmental  and 
Applied  Fluid  Dynamics  Department  are  active  in  the 
field.  One  research  topic  is  the  3D  turbulent  flow 
in  ducts  of  different  shapes  for  Mach  numbers  up  to 
one.  These  flovs  are  being  computed  with  the  parab¬ 
olized  Reynolds -averaged  Havler-Stokes  equations, 
using  different  turbulence  models.  Navier-Stokes 
solutions  for  2D  airfoils  at  low  Reynolds  numbers 
have  also  been  obtained  (Alsalihi,  1989)  and  exten¬ 
sions  of  the  work  employing  special  low-Reynolds- 
number  turbulence  models  are  in  progress . 

Further  work  at  the  Aerospace  Department  of  VKI 
comprises  the  development  of  a  one-equation  model 
for  the  prediction  of  the  transition  from  laminar 
to  turbulent  flow  (Deyle  &  Grundmann,  1990).  Simi¬ 
lar  work,  using  modifications  of  a  two-equation 
turbulence  model,  is  going  on  at  Ghent  University. 
Figure  3  shows  the  turbulence  Intensity  development 
in  the  transition  region  of  a  boundary  layer  as 
measured  and  computed  with  a  two-equation  model  and 
taking  Into  account  the  turbulent  flow  intemitten- 
cy  (Vancoullll  &  Dick.  1988). 
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Fig.  3  Turbulence  Intensity  in  a  boundary  layer 

transition  region.  Coi^arison  between  expe¬ 
riment  and  calculations  at  Ghent  University 
based  os  a  turbulence  model  vltb  an  allo¬ 
wance  for  intermlttency 


At  the  Environmental  and  Applied  Fluid  Dynamics 
Department  of  VKI  non-linear  algebraic  Reynolds 
stresa  models  have  been  teated  with  encouraging 
raaulta  for  the  prediction  of  the  turbulent  flow 
over  a  back-ward  facing  step  (Benocci  &  Skovaard. 
1989),  An  other  direction  of  research  concerns 
droplet  transport  in  turbulent  flows  using  dif¬ 
ferent  turbulafMse  models.  Further,  large-eddy  aimu- 
latlons  of  turbulent  flows  are  being  carried  out. 
first  in  a  2D  channel  (Pinelll  A  Bennoci.  1989), 
while  extensions  to  3D  channels  and  free-shear 
layara  are  under  developmant.  Numerical  almulationa 
of  the  large  addias  In  curbulant  flows  la  alao  a 
resaarch  topic  of  Louvain  Qniveraity,  Finally,  at 
tba  Prea  Unlveralty  of  Bruaaela  axtanaiva  maaaura- 
manta  have  bean  carriad  out  In  tba  ahaar  layara  of 
an  oaclllating  NACA  0012  airfoil  (Da  Ri^k  at  al. 
1988) .  Figure  4  ahowa  typical  reeulta  obtained  with 


1-4 


boundary  layer  oucslde  Che  viscous  sublayer  the 
turbulent  shear  stress,  r,  Is  normally  expressed  in 
Che  mixing  length  relation  r  -  l^^(3U/3y)*  with 
I  -  k.y.  In  chis  relation  is  y  the  distance  to  the 
wall  and  k  one  of  the  empirical  constants,  the  so- 
called  Von  Karman  constant.  Evidence  Is  gradually 
accumulating,  however,  that  the  value  of  k  is  not  a 
constant,  but  depends  on  the  surface  pressure  grad¬ 
ient.  Mixing  length  variations,  deduced  from  tur¬ 
bulence  measurements  in  equlllbritUB  boundary  layers 
at  different  non-dimensionallzed  pressure  gradients 
ir.  have  been  plotted  In  figure  6  (East  et  al, 

1979) .  Accoiding  to  these  measurements  the  value  of 
k  varies  widely  and  differs  generally  substantially 
from  the  usually  assumed  value  for  the  constant, 
k  -  0.4. 

The  measurement  data  shown  were  obtained  a  decade 
ago,  but  the  point  that  k  varies  with  the  pressure 
gradient  has  been  made  even  earlier,  amongst  others 
by  a  group  at  Cambridge  University  (Galbraith. 
Sjolander  &  Head,  1977).  One  of  their  plots  has 
been  reproduced  in  figure  7,  completed  with  the 
data  from  figure  6.  The  turbulent  shear  stresses 
were  not  directly  measured  in  the  cases  considered 
initially  Cambridge.  Instead,  the  stresses  were 
derived  f^om  Che  equations  of  aotion  and  the  measu¬ 
red  mean  velocity  profiles,  which  were  represented 
by  a  profile  family  assuming  a  log  law  velocity 
variation  in  the  wall  region:  u*  -•  <ln  y*  + 
with  ky  •  constant.  It  is  easy  to  see  that,  If  the 
shear  stress  variation  in  the  wall  region  is  not 
negligible,  the  latter  implies  that  k  In  I  -  k.y 
can  not  be  constant  and  must  vary  according  to  k  - 
k„(t/r^)'.  To  a  first  approximation  the  shear  stress 
varlatlor  near  the  wall  may  be  written  as  f/f^  -  I  + 
This  suggests  that  if  k^  -  constant,  the 
average  value  of  k  In  the  wall  region  will  vary 
globally  as  k  -  ky(l+C.iT)'.  This  relation  with  k„  - 
0.4  and  a  suitable  value  of  C  -  0.23  appears  to 
represent  the  found  variation  of  k  with  s  well. 

This  means  also,  however,  that  conclusions  about  k 
based  on  the  presumption  that  k,^  «  constant,  i.e. 
that  the  log  law  velocity  variation  is  preserved  in 
pressure  gradient  flows,  are  not  convincing. 

This  objection  does  not  hold,  however,  for  the  data 
of  figure  7  based  on  turbulent  shear  stress  measur¬ 
ements,  'hich  support  the  claimed  variation  of  k 
wl'ti  pressure  gradient.  Further  support  has  come 
r«.'Cently  from  direct  numerical  simulations  of  Cur- 
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bulent  boundary  layers  at  favourable  pressure  gra¬ 
dients  and  in  three-dimensional  boundary  layers 
(Spalart,  1986,  1989).  The  obtained  solutions  of 
Che  time-dependent  three-dimensional  Navier-Stokes 
equations  also  seem  to  indicate  that  the  log  law 
velocity  variation  in  the  wall  region  is  preserved 
and  that  the  mixing- length  relation  is  altered. 

On  the  whole,  substantial  evidence  has  been  accumu¬ 
lated  chat  the  value  of  k  in  the  mixing  length 
relation  might  not  be  constant.  Yet  in  the  majority 
of  algebraic  mixing-length  or  eddy-viscosity  tur¬ 
bulence  models  now  in  use,  k  is  assumed  constant. 
The  value  of  k  Is  known  to  have  a  comparatively 
large  effect  on  the  calculated  boundary  layer  deve¬ 
lopment.  Referring  to  figure  5,  typical  adverse 
pressure  gradients  on  airfoils,  e  -  2  or  more, 

Would  lead  according  to  figure  7  to  a  k- increment 
of  20  %  or  more.  The  effect  of  neglecting  the  vari¬ 
ation  of  k  in  the  calculations  is  likely,  there¬ 
fore.  to  be  far  from  negligible. 

An  other  assumed  empirical  constant  in  many  models 
is  the  dimensionless  eddy  viscosity.  v,/U^6*.  or 
mixing  length,  1/6,  In  the  outer  region  of  the 
turbulent  boundary  layer.  However,  turbulence  his¬ 
tory  effects  are  known  from  several  experiments  to 
be  very  important  in  this  region  and  to  affect  the 
Value  of  the  "constant"  substantially.  To  il¬ 
lustrate  the  severity  of  history  effects,  the 
mixing  length  development  downstream  of  a  laminar- 
turbulent  transition  region  has  been  shown  in  figu¬ 
re  8.  The  data  were  obtained  at  Delft  University  in 
a  boundary  layer  at  a  small  adverse  pressure  gradi¬ 
ent  (Van  Oudheusden.  1983).  The  value  of  k  is  con¬ 
stant  here  within  the  measure'tent  scatter,  but  the 
nixing  length  ratio  1/6  in  the  outer  region  is  seen 
to  vary  considerably.  The  ratio  1/6  appears  to  be 
twice  as  large  at  the  first  measurement  station 
than  the  ratio  at  the  last  station,  where  the 
mixing  length  has  relaxed  to  a  more  normal  level. 
The  last  station  is  situated  at  nearly  80  boundary 
layer  thicknesses  behind  the  transition  region.  The 
relaxation  of  the  transitional  flow  with  high  tur¬ 
bulent  shear  stresses  to  the  lower  stresses  In 
equilibrium  conditions  appears  to  take  a  con¬ 
siderable  streamwise  distance. 
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Plf.  8  Mixing  lengtbs  deduced  from  mensurements  In 
an  adverne*-preaaure>gradient  turbulent 
boundary  layer  developing  dovnetream  of  a 
tranaition  region  (van  Oudheusden,  1985) 


Pig.  7  Effect  of  pressure  gradient  on  value  Oi  k 
in  y  for  equilibrium  boundary  layers 


1-5 


0 


•  Downttrwm  of  Shock,  (x»Kg)/8g^ 
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Fig.  9  Boundary  layer  properties  dowaatream  of  a  shockwave  B.L. 

interaction  region.  Comparison  with  data  at  same  and  R^c 
in  more  near-equillbriuo  conditions  (Delery  et  al.  1986) 


On  transonic  airfoils,  shock  boundary  layer  inter¬ 
actions  may  lead  to  substantial  changes  in  the 
turbulence  properties,  which  also  relax  downscreaa 
only  slowly.  The  turbulence  intensities  and  shear 
stresses  measured  downstream  of  a  shock  at  a  dis¬ 
tance  of  about  50  boundary  layer  thicknesses  are 
compared  in  figure  9  with  the  corresponding  data  in 
a  turbulent  boundary  layer  in  more  near-equilibrium 
conditions  (Delery  &  Marvin,  1986).  Evidently  tur¬ 
bulent  stresses  are  still  very  high  at  this  large 
distance  behind  the  shock.  As  Indicated  in  figure 
5.  Che  boundary  layer  thickness  on  Che  airfoil 
upper  surface  at  the  position  of  the  shock,  say  at 
about  mid-chord,  is  typically  of  the  order  of  1  % 
chord.  Consequently  the  adverse  pressure  gradient 
region  behind  the  shock  up  to  the  airfoil  trailing 
edge  is  likely  to  be  dominated  by  turbulence  his¬ 
tory  effects  of  the  shock  boundary  layer  interac¬ 
tion. 

It  is  clear  that  turbulence  history  effects  are  not 
taken  into  account  at  all  in  simple  algebraic  eddy- 
viscosity  and  mixing- length  models.  However,  also 
more  advanced  models  often  fall  to  predict  the 
correct  order  of  magnitude  of  turbulence  history 
effects,  even  if  they  are  based  on  turbulence  tran¬ 
sport  equations,  which  they  usually  are.  The  tur¬ 
bulence  transport  equations  can  be  derived  by  suit¬ 
able  manipulations  from  the  Navier-Stokes  equa¬ 
tions.  The  equation  for  the  turbulent  kinetic  ener« 


gy.  q  -  l/2(u^+v^+w^) ,  reads  for  two-dimensional 
mean  flows : 


U  ^  +  V  ^  -  (-uv)  —  -  ^  +  diffusion  - 

dissipation 


turbulence 

history 


turbulence 

production 


In  the  usual  chin  shear  layer  approximation,  the 
spatial  derivative  in  the  approximate  mean  flow 
direction,  d/dx  -  0(L’*) ,  is  supposed  to  be  much 
smaller  than  the  crosswise  derivative,  9/By  - 
0(6'^).  as  L  »  6  in  chin  shear  layers.  In  that  case 
turbulence  history,  as  represented  by  Che  left- 
hand  side  terms  of  the  above  equation,  would  be 
negligibly  small  compared  to  the  production  term. 
The  large  turbulence  history  effects  found  In  ex¬ 
periment  in  chin  shear  layers  must  cose,  therefore, 
from  ocher  terms  in  the  turbulence  transport  equa¬ 
tions.  most  likely  the  dissipation  term  responding 
slowly  to  flow  condition  c'.anges.  Note  that  this  is 
one  of  the  terms  relying  heavily  on  seml-empirlcal 
modelling  and  therefore  not  necessarily  predicting 
a  history  effect  of  the  right  amount. 

Finally  the  effect  of  three-dimensionality  of  the 
mean  flow  on  the  turbulence  properties  will  be 
briefly  discussed.  As  turbulence  is  inherently 
three-dimensional  one  might  assume  that  the  genera- 
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rif.  10  Mixing  lengthn  deduced  from  turbulence  meneuremente  in  a 
tbree-dimennionnl  bowidnry  layer  (llaenaar  et  al,  1079) 
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lizaclon  of  turbulence  properties  in  tvo-dioen- 
sional  shear  flows  to  three -dinensional  flows  would 
be  straightforward.  Measurements  indicate,  however, 
that  this  is  not  true  and  that  the  three-dlnen- 
sionality  of  the  mean  flow  tends  to  reduce  tur¬ 
bulence  activity  in  general  and  the  turbulent  shear 
stresses  especially.  As  an  example  the  mixing 
length  values  derived  from  turbulence  measurements 
in  a  two-dimensional  boundary  layer  developing  into 
a  three-dimensional  one  are  shown  in  figure  10 
(Elsenaar  &  Boelsma,  1975).  The  mixing  length  ratio 
l/S  in  the  outer  region  of  the  boundary  layer  is 
seen  to  drop  substantially,  when  the  amount  of 
twist  of  the  boundary  layer  velocity  profiles  be¬ 
comes  significant.  Turbulence  history  effects  may 
play  a  role  again,  but  it  is  likely  that  in  addi¬ 
tion  the  velocity  profile  twist  hampers  the  develo¬ 
pment  of  turbulent  eddies  and  so  leads  to  a  reduc¬ 
tion  of  turbulence  activity  (Bradshaw  6  Pontikos, 
1985).  Few  turbulence  models  available  up  to  now 
predict  such  a  decrease  of  turbulent  shear  stress 
magnitude  with  mean-flow  «.hree-dimensionallty .  The 
non-alignment  of  the  shear  stress  and  the  velocity 
gradient,  i.e.  the  non- Isotropic  eddy  viscosity 
observed  experimentally,  is  neither  taken  into 
account  in  most  existing  turbulence  models. 

The  observations  made  in  this  section  indicate  chat 
even  for  simple  boundary  layer  flows,  available 
turbulence  models  will  often  not  meet  the  accuracy 
requirements,  certainly  not  chose  made  normally  by 
aerospace  industry,  i.e.  prediction  accuracies  of 
the  order  of  1  %  or  better.  Uncertainties  exist 
even  in  seemingly  well-established  data,  such  as 
Che  constant  in  the  mixing  length  relation  for  the 
wall  region.  Acceptable  predictions  of  Che  tur¬ 
bulence  development  are  still  more  remote  for  com¬ 
plex  turbulent  flow  regions,  like  shock  boundary 
layer  Interactions.  Due  to  turbulence  history,  the 
downstream  effects  of  such  a  complex  flow  region 
may  remain  appreciable  for  quite  some  distance.  On 
Che  whole,  Che  position  that  adequate  turbulence 
models  for  accurate  predictions  are  available  seems 
still  remote. 


4.  (GENERAL  VIEW  ON  TURBULENCE  MODELLING 

It  looks  sensible  to  start  with  a  discussion  of  the 
origin  of  the  turbulence  modelling  problem.  In  the 
first  place  it  is  important  to  note  that  the  equa¬ 
tions  which  describe  turbulent  flows  are  actually 
well-known:  the  time-dependent  Navler-Stokes  equa¬ 
tions.  Consequently  one  can  not  state  that  there  is 
any  fundamental  problem  to  be  solved  in  turbulence. 
There  is  only  a  practical  problem,  as  it  Is  nearly 
impossible  to  solve  in  reality  the  full  time-depen¬ 
dent  Navler-Stokes  equations  for  most  turbulent 
flows.  Numerical  solutions  can  not  be  obtained  in 
general  because  of  the  fine  computational  grid  in 
space  and  time  needed.  To  circumvent  Che  problem 
the  time-averaged  or  Reynolds-averaged  Navler- 
Stokes  equations  are  solved  as  a  rule,  but  these 
contain  extra  unknowns,  the  apparent  stresses  due 
CO  turbulence  or  Reynolds  stresses .  This  means  that 
Che  need  for  turbulence  modelling  only  occurs  be¬ 
cause  the  full  equations  are  not  being  solved. 

It  should  be  noted  that  there  is  no  reason  why  it 
would  be  possible  to  obtain  accurate  solutions 
using  a  reduced  set  of  equations.  Actually  in  the 
author's  opinion  it  seems  unlikely  that  solving  the 
full  time-dependent  Navler-Stokes  equations  can  be 
really  circumvented.  This  statesMnt  amounts  to 
stating  that  it  is  unlikely  that  a  truly  universal 
turbulence  model  exists.  The  evidence  about  tur¬ 
bulence  available  up  to  now  does  not  support  univ¬ 
ersal  properties  in  various  flows.  Large  eddies 
play  an  important  role  in  turbulent  flows  and  the 
large  eddy  properties  are  known  to  differ  essen¬ 
tially  for  different  flow  conditions.  It  la  not 
clear  how  the  large  addles  can  be  predicted  for 


different  flows  without  caking  Che  time-dependence 
of  Che  flow  into  account,  or  without  simulating  at 
least  the  large  eddies  in  time -dependent  calcula¬ 
tions. 

If  a  universal  turbulence  model  does  not  exists, 
turbulence  models  with  a  limited  validity,  restric¬ 
ted  to  certain  turbulent  flow  conditions,  must  be 
accepted.  Then  turbulence  modelling  comes  down  to 
approximating  for  certain  flow  conditions  Che 
Reynolds  stress  terms  by  a  convenient  mathematical 
model  on  Che  basis  of  available  data,  usually  from 
experiments.  In  this  view  turbulence  modelling  is 
much  more  a  semi-empirical  art  of  engineering  level 
chan  a  fundamental  scientific  problem.  Note  that 
even  if  universal  validity  can  not  be  attained.  It 
remains  useful  to  attempt  to  stretch  Che  range  of 
validity  of  seml-empirlcal  turbulence  models,  since 
zonal  models  valid  In  parts  of  the  flow  may  be 
expected  to  pose  problems  at  Che  zone  boundaries. 

The  foundation  for  any  development  of  a  semi-em- 
plrical  model  should  be  a  reliable  and  extensive 
data  base.  The  data  must  come  from  experiments  or 
from  solutions  of  the  full  time-dependent  Navier- 
SCokes  equations.  Although  the  latter  source  of 
data  is  promising  for  the  future,  most  turbulence 
data  presently  still  come  from  experiment.  A  data 
base  of  sufficient  extent  and  reliability  is  not 
yet  available,  even  not  for  simple  turbulent  flows, 
as  the  examples  discussed  in  this  paper  indicate. 


Thanks  are  due  to  chose  who  informed  the  author 
about  Che  turbulence  research  going  on  at  their 
places,  and  in  particular  to  Dr.  J.A.  Essers,  who 
collected  the  information  from  Belgium. 
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SUMMARY 

This  paper  discusses  the  use  and  the  suitability 
of  turbulence  models  for  calculating  compres¬ 
sible  flows  in  Aerodynamics.  As  the  compres¬ 
sible  form  of  turbulence  models  is  generally 
extended  from  a  basic  incompressible  form,  the 
emphasis  is  placed  on  the  pertinence  of  these 
extensions  and  on  the  peculiarities  of  com¬ 
pressible  flows. 

1.  INTRODUCTION 

The  calculation  of  compressible  turbulent  flows 
in  Aerodynamics  has  been  performed  by  using 
more  or  less  empirical  methods.  These  methods 
include  correlations  techniques  and  integral 
methods  for  calculating  boundary  layer  flows. 
Such  methods  are  sdll  in  use  today  bat  is  is 
clear  that  more  detailed  or  more  accurate  me¬ 
thods  are  needed. 

In  the  seventies  a  great  hope  has  been  placed 
in  the  development  of  transport  equation  mo¬ 
dels  to  represent  the  effects  of  turbulence  on 
the  mean  flow.  After  a  period  of  enthusiasm 
where  these  techniques  enabled  us  to  make  a 
decisive  step  towards  a  real  improvement  in 
the  calculation  methods  of  turbulent  flows,  it 
appears  that  the  progress  is  now  much  slower. 

This  paper  is  tiying  to  state  where  we  are  with 
the  turbulence  models,  what  is  being  done  and 
what  could  or  should  be  done  to  improve  these 
turbulence  models. 


2.  PECULIAKITIES  OF  TURBULENT 

COMPRESSIBLE  FLOWS 

2.1  Averneed  ennntloBi 

2JLI  Ddinittan  of  tatratti 

For  practical  applications,  the  calculation  of 
turbulent  flows  is  approached  by  using  statisti¬ 
cal  equatioas  which  are  : 

^^^.0  (1) 

at  axi 

9  9  9^>  9  ^ 

_<po^+_<pu,oj>— (2) 

at  axj  axj  ax|  '  ^ 


where  <  •  >  denotes  a  statistical  average. 

The  main  question  is  to  choose  how  to  decom¬ 
pose  <  p  ui>  and  <p  Ui  uj>  in  equations  (1)  and 
(2).  The  decomposition  of  <fij>  is  less  important 
because  the  viscous  stresses  are  negligible  in 
turbulent  flow.  A  discussion  of  this  problem 
has  been  done  by  CHASSAING,  1985 


The  pressure  and  the  density  are  decomposed 
as  : 

p  =  <p>  +  p'  ;<p'>  =  0 
p=<p>-^p’  ;<p'>  =  0 

but  many  possibilities  can  be  used  to  decom¬ 
pose  the  velocity. 

If  we  use  the  decomposition  : 
uj  =  <  o,  >  +  u"i  ;  <  u"i  >  =  0 
we  have  ; 

<pUi>  =  <p><Ui>  +  <p'u"i> 

<  p  Uj  Uj  >  =  <  p  ><  Ui  ><  Uj  >  +  <  p’  u"i  ><  UJ  > 

+  <p'u’j><ui>  +  <p><u"i><u"j> 

-K  p’  u"i  u"j  > 

Compared  with  the  incompressible  case,  many 
additional  terms  appear  and  the  formulation  of 
equations  is  very  complicated. 


Most  of  the  works  use  a  mass-weighted  velo¬ 
city  Ui.  This  type  of  average  has  been  introdu¬ 
ced  by  FAVRE,  1958,  in  turbulence  studies.  We 
have  : 

-  <p  Ui> 

»!  =  -*-—  ;  Ui=:Ui+Ui  ;  <pui>  =  0 

«p> 

and 

<pOi>=<p>Oi 

<  P  Ui  Uj>  =  <  p>  Ui  Uj  +  <  p  u'i  U’j> 


The  average  equations  are  : 

^  +  A(^.)  =  0  (4) 

9t  dXj 

«p^+<pc>nj  ^(Fij  -<po'iu’j>)  (5) 

dt  dXj  dxj  dXj 

<1  do/  • 

with  :  Fij  «  <  2  |i  *ij  -  f  > 

3  d%( 
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Equations  (4)  and  (5)  have  an  "usual"  form  in 
the  sense  that  they  look  like  their  incompres¬ 
sible  counterpart. 

The  concept  of  average  stream  surface  has  the 
same  meaning  as  in  incompressible  flow.  In 
addition,  the  equations  for  the  Reynolds 
stresses  -  <  p'  u'i  u'j  >  are  obtained  in  a  natural 
way  and  not  too  many  additional  terms  are  in¬ 
troduced. 

The  danger  is  that  the  equations  are  too  close 
to  the  incompressible  case  and  it  is  tempting  to 
apply  them  an  "incompressible"  closure.which 
is  not  always  justified. 

It  is  worth  mentioning  that  many  other  de¬ 
composition  are  possible  and  this  problem  is 
not  closed. 

Nevertheless  the  mass-weighted  averages  are 
used  in  the  rest  of  this  paper. 


2..1.2.  Equations  with  mass-weiehud  averases 

To  simplify  the  writing  of  the  averaged  equa¬ 
tions,  <p>  is  written  p.  For  example,  we  have  ; 

pui  =  <p>Ui 

but  when  p  is  combined  with  a  random  func¬ 
tion  inside  a  sign  o,  the  same  convention  does 
not  apply  : 

<pu'iU'j>  *  <p>  <U'iU'j> 

When  no  confusion  is  expected,  the  sign  (-)  is 
omitted  ; 

Ui  =  Ui 

h  =  ii 


Continuity  equation 
8p  ^  apUt 
dt  dx|[ 


(6) 


— (-P6ik+Fij  -  <pu'iu'k>) 

“  dXk 


with 


& 

Dt 


d*  d* 

— +  Uk-^ 
dt  dXk 


Fik  =  <2 


.8ik  ^)> 

3  dxj 


Sik  = 


(7) 


At  high  REYNOLDS  number,  the  viscous  stress 
Pik  is  negligible  compared  with  the  turbulent 
stress  -  p  <  u'j  u'k  >.  Near  a  wall,  this  is  no  lon¬ 
ger  true.  Even  if  the  fluctuations  of  viscosity 
are  neglected,  the  expression  of  Fik  is  not 
simple  because  : 

^duj  ^  _  dUj  d  /<p'u'|>\ 

dxk  dxk  dxk  V  P  / 


Kinetic  energy  equations 

The  mean  value  of  kinetic  energy  is  decompo¬ 
sed  as  : 

^  <pUiUi>=-l-  pUj  Uj  +  3-  <pu'iu'i>=  pK  +  pk 
2  2  2  ( 8 ) 

The  flrst  part  K  corresponds  to  the  averaged 
motion  and  the  second  part  k  to  the  fluctua¬ 
tions. 

The  corresponding  equations  are  : 

p]x=p«a.Fik^.  <pu'iuk3 

Dt  dxj  dXk  dXk 


+  — [lli(-P6ik  +  Fik  -  <pu'iu'k>  ’ 

dXk 


(9a) 


<pU’iU'k 


pCK.  =  <p’.^>  -<fik^> 

Dt  dxj  dxk 

dllj  <p'u‘i>  dP 


dxk 


dxi 


(9b) 


+  — |-  <u'ip'  >  8jk  +  <fiku'i>  -i  <pu'ku'iu'i  > 


dXk 

with 


Fik  =  <  fik  > 


The  dissipation  rate  of  the  instantaneous  kine- 
.  dui 

lie  energy  is  9  =  fik  Its  averaged  value  is 
decomposed  as  : 


with 


duj 

dUj 


.  ,  ^'i 

<9>  =  <fik^> 


<h  is  the  dissipation  rate  of  the  kinetic  energy  of 
the  averaged  motion  which  appears  in  eq.  9a. 
<9'>  is  the  dissipation  rate  of  the  averaged  ki¬ 
netic  energy  of  the  fluctuating  motion  which 
appears  in  eq.  9b.  The  exchange  of  energy  bet¬ 
ween  K  and  k  is  represented  by  the  work  of 

the  REYNOLDS  stresses  -  <pu’iu'k>^yi. 

dxk 


In  the  k-equation,  the  compressibility  appears 

explicity  through  two  terms  ;  <p'  ^^>and 

dxj 
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— r - .  This  does  not  mean  however  thar 

"  3xi 

the  compressibility  cannot  inHuence  other 
terms. 

REYNOLDS  stress  equations 
We  define  Ty  as  : 


2.2  Variations  of  density  and  tempera¬ 
ture 

The  flows  under  consideration  are  characteri¬ 
zed  by  a  high  Mach  number  and  very  often  by 
a  heat  transfer  at  walls.  Therefore  heat  is  pro¬ 
duced  by  direct .  dissipation  and  transferred  by 
the  turbulent  fluctuations. 


Tij  =  <  P  u'i  u'j  >  /  p 
The  REYNOLDS  stress  equation  is  ; 


These  phenomena  imply  a  non  uniform  avera¬ 
ged  temperature  and  density,  which  influence 
the  velocity  field. 


DT'i  8 

P  =  P  Pij  *  P  Dij  +P  <l>ij  +  P  Cij  + - (p  Jijit)  <  10) 

dx^ 

pP,j  =  -pTik^  -pTjk^ 

dxk  dx|( 

pDij=  <fik^>-v  <fjk^> 

3xk  axk 


In  a  boundary  layer  developing  on  an  adiabatic 
wall,  the  large  amount  of  dissipation  near  the 
wall  leads  to  a  large  static  temperature  in  this 
region.  Then  the  kinematic  viscosity  is  larger 
than  near  the  external  edge  of  the  boundary 
layer  and  the  local  REYNOLDS  number  is 
smaller.  Compared  with  an  incompressible 
boundary  layer,  the  viscous  sublayer  is  thicker. 


.  ,  du  i  du  i 

p<bij  =  <  p  - +  — ' 

dxj  dxj 


pCij  = 


<p'u'i>  3P 
P  3xj 


<p'u'j>  3P 
P  ^ 


P  Jijk  •  ■  <pu'ku'iu  j  >  +  <fiku  j>  +  <fjku'i> 
-  <u'j  p'  >  8jk  •  <u'j  p'  >  8ik 


The  interpretation  of  this  equation  is  nearly 
the  same  as  in  incompressible  flow.  pPij  is  the 
production  term  ;  pDjj  is  the  destruction  term 

Dii 

(p  2  dissipation  of  k)  ;  p  <bjj  is  the 

velocity-pressure  correlation  ;  pjjjic  is  the 
diffusion  due  to  interactions  between  velocity 
fluctuations,  due  to  viscosity  and  due  to 
interactions  between  pressure  and  velocity. 


The  compressibility  appears  explicitly  only 
through  the  term  Cq  but,  once  again,  the  mo¬ 
delled  form  of  the  other  terms  can  be  influen¬ 
ced  by  compressibility.  For  example,  the  mo¬ 
delling  of  9ij  is  based  on  the  POISSON  equation 
for  p'  which  is  obtained  by  taking  the  diver¬ 
gence  of  the  momentum  equation.  In  this 
equation,  many  additional  terms  appear  due  to 
the  compressibility  of  the  flow  : 


-  2  — ^ - (<p>  u’,Um)  +  2  -^(p'  «'f  U„)  r 


3xjdxi  dxrdXo, 


3xr3xiH 


3X(dXm 


3X(dXa 


(p'U,U„) 

fl-qpo+pfjo'ruo  -  <P  B'ru'B,>)  (II) 


3*p'  3^ 

3l*  3xidxa 


(frm  '  Pr  n) 


The  variation  of  density  in  itself  does  not  imply 
a  modiflcation  of  the  turbulence  structure.  *-  r 
example,  the  study  by  BROWN  and  ROSHKO  of  a 
low-speed  mixing  layer  with  a  mixing  of  gases 
with  different  densities  showed  that  the 
spreading  rate  of  the  layer  is  not  affected  by 
the  variation  of  density.  On  the  contrary,  the 
spreading  rate  of  a  mixing  layer  of  air  is  signi¬ 
ficantly  reduced  in  supersonic  flow.  This  means 
that  there  is  a  genuine  compressibility  effect  in 
this  case.  It  is  not  clear  however  if  this  is  due 
to  an  effect  on  the  turbulence  structure.  At 
least  partly,  the  reduction  of  the  spreading  rate 
can  be  attributed  to  an  effect  of  compressibility 
on  the  stability  properties  of  the  flow  which 
are  at  the  origin  of  the  large  scale  structures. 
PAPAMOSCHOU-ROSHKO  studied  ten  configura¬ 
tions  of  free  shear  layers  obtained  by  using  the 
flow  of  various  gases  (Nj,  Ar,  He)  at  various 
MACH  numbers  (between  0.2  and  4).  These 
authors  introduced  a  convective  MACH  number 
which  is  defined  in  a  coordinate  system  moving 
with  the  convection  velocity  of  the  dominant 
waves  and  structures  of  the  shear  layers.  The 
theoretical  analysis  is  performed  by  studying 
the  stability  of  a  compressible  inviscid  vortex 
sheet  PAPAMOSCHOU-ROSHKO  showed  that  the 
growth  rates  of  the  various  free  shear  layers 
fall  nearly  onto  a  single  curve.  This  result  indi¬ 
cates  that  the  shear  layer  question  is  more  re¬ 
lated  to  a  stability  problem  than  to  a  turbu¬ 
lence  problem. 
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field  la  three  modea 

Another  feature  of  compressible  flows  is  that 
all  the  flow  characteristics  are  flnctoatiag  ;  ve¬ 
locity.  temperature,  density  and  pressure. 

KOVASZNAY  showed  that  diese  fluctuations  can 
be  expressed  u  a  fmctiaa  of  three  basic  inodes 


f 
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(see  FAVRE  et  al.)  :  fluctuations  of  vorticity, 
entropy  and  pressure  (acoustic  fluctuations) 
and  when  the  level  of  fluctuations  is  low,  the 
equations  describing  the  evolution  of  vorticity 
and  pressure  are  separated.  (The  correlation 
coefficients  between  the  various  inodes  are  not 
necessarily  low). 

When  the  fluctuations  are  no  longer  low,  a  se¬ 
cond  order  theory  predicts  various  possible 
interactions  between  modes.  In  supersonic 
flows,  a  strong  interaction  is  the  vorticity-vor- 
ticity  interaction  which  is  at  the  origin  of  the 
aerodynamic  noise. 

These  flows  are  also  characterized  by  the  pres¬ 
sure  fluctuations  (which  are  isentropic)  which 
can  be  transmitted  over  long  distances  as 
MACH  waves.  The  loss  of  turbulent  energy  by 
sound  radiation  is  low  but  the  radiated  energy 
can  have  a  strong  effect  on  the  laminar-turbu¬ 
lent  transition.  In  supersonic  and  hypersonic 
wind  tunnels,  the  transition  on  a  flat  plate  or 
on  a  cone  is  strongly  dependent  on  the  noise 
generated  by  the  turbulent  boundary  layers 
developing  on  the  test  section  walls.  The 
transition  location  is  correlated  with  the  test 
section  size  because  the  noise  affecting  the 
transition  depends  on  the  distance  between  the 
model  and  the  tunnel  walls. 

The  role  played  by  the  pressure  fluctuations  in 
the  turbulence  modelling  can  be  very  different 
in  compressible  or  incompressible  flows.  For 
example,  the  influence  of  compressibility  on 
,  du'i 

the  <p  - >term  appears  through  the 
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POISSON  equation  for  the  pressure  which  con¬ 
tains  much  more  terms  in  a  compressible  flow. 

The  averaged  pressure  gradient  can  also  mo¬ 
dify  the  processes  of  lurbulence  generation  or 
destruction  in  supersonic  flows.  The  pressure 
gradient  can  be  very  strong  (through  a  shock 
wave  or  an  expansion  fan)  and  the  interaction 

with  the  term  in  the  turbulent  kinetic 
P 

energy  equation  can  be  significant.  This  also 
means  that  the  wall  curvature  is  an  important 
parameter  because  it  implies  the  existence  of  a 
normal  pressure  gradient  and  an  effect  on  the 
turbulence. 
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Let  us  go  back  to  the  decomposition  of  the  tur¬ 
bulent  field  into  three  modes  :  vorticity,  en¬ 
tropy  and  acoustic  pressure.  At  low  MACH 
numbers  in  an  isothermal  flow,  only  the  vor¬ 
ticity  mode  remains.  In  a  compressible  flow,  if 
the  vorticity  generation  by  interactions  bet¬ 
ween  inodes  is  nefligible,  the  turbulence 
structure  is  unaffected  by  compreuibility  (the 


possible  vorticity  generation  interactions  are 
vorticity-entropy,  vorticity-acoustic  pressure, 
entropy -acoustic  pressure). 

From  experimental  data,  MORKOVIN,  1961, 
showed  that  the  acoustic  mode  and  the  entropy 
mode  are  negligible  in  boundary  layers  with 
usual  rates  of  heat  transfer  and  Me  <  S. 

According  to  MORKOVIN,  these  flows  are  such 
as  ; 


^«i  :^«i 

P  Ti 

Using  the  state  law  and  assuming  that  the 
velocity  fluctuations  u'/U  are  not  too  large,  we 
have  ; 
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The  following  relationships  are  deduced 
1/2 


<P 


r„T’ 


<uT> 


Uu'^xT'^  >)'^^ 


=  -1 


(I2a) 

(I2b) 


This  is  the  so-called  strong  REYNOLDS  analogy. 
In  fact,  the  basic  hypotheses  presented  above 
are  not  very  well  founded  and  improvements 
of  the  analysis  have  been  proposed  by 
GAVIGLIO,  1987.  Nevertheless,  practical  results 
such  as  formulae  (12)  can  give  reasonable 
orders  of  magnitude.  For  example,  in  a  boun¬ 
dary  layer  on  an  adiabatic  wall  in  supersonic 
flow,  rux  >»  of  order  -  0.8. 

The  use  of  the  strong  REYNOLDS  analogy  should 
be  done  with  care,  in  paniculai  when  the  flow 
undergoes  rapid  variations. 

It  should  also  be  noticed  that  some  of  the  for¬ 
mulae  deduced  from  the  strong  REYNOLDS 
analogy  are  not  galilean  invariant  ;  this  is  the 
case  of  the  formula  (12a)  because  M^/U  is  not 
galilean  INVARIANT. 

BRADSHAW,  1977,  associated  the  validity  of 
the  MORKOVIN  hypothesis  with  low  values  of 

- .  For  boundary  layers  with  an  external 

MACH  number  lower  than  S,  the  condition  is 

<p’2>l/2 

fulfilled  u  - is  smaller  than  0.1. 

P 

BRADSHAW  noticed  that  at  higher  MACH  num¬ 
bers,  the  total  temperatuie  fluctuations  are  no 
longer  negligible  but  when  the  wall  is  cooled, 
the  level  of  temperature  and  density  fluctua- 
tioof  increaaet  only  slowly  with  the  MACH 
number.  At  these  higher  MACH  numbers,  the 
picssuie  fluctuations  increase  and  the  turbu- 
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lence  structure  can  be  affected  (pressure-vor- 
ticity  and  pressure-entropy  interactions  can 
generate  vorticity  fluctuations). 

BRADSHAW  also  noticed  that  in  free  mixing 
layers,  the  level  of  velocity  fluctuations 
<u'2>I/2/u  cgn  reach  0.3  so  that  the  density 
fluctuations  are  larger.  This  implies  that  the 
limit  of  validity  of  the  MORKOVIN  hypothesis 
(<p'2>l/2/p  <  0.1)  is  limited  to  external  MACH 
number  less  than  l.S.  This  is  in  rough  agree¬ 
ment  with  experimental  data  but  as  already 
said,  it  is  not  clear  if  the  effect  of  Mach  number 
on  the  spreading  rate  of  the  mixing  layer  is  due 
to  an  alteration  of  the  turbulence  structure  or 
to  an  effect  on  the  stability  of  the  flow  (which 
is  at  the  origin  of  the  large  structures). 

The  "incompressible"  behaviour  of  boundary 
layers  in  supersonic  flow  can  be  illustrated  by 
examining  shear  stress  profiles  (figure  1). 
MAISE  and  MCDONALD,  1968,  determined  the 
evolution  of  the  shear  stress  in  a  flat  plate 
boundary  layer  at  M*  =  0  and  M*  =  5  for  a 
REYNOLDS  number  Re  =  10*  and  an  adiabatic 
wall.  The  comparison  of  the  profiles 
-  <pu'v'>/'tw  shows  that  the  effect  of  compres¬ 
sibility  is  small.  Similar  results  have  been  ob¬ 
tained  by  SANDBORN  up  to  M*  =  7.  In  the  same 
way,  quantities  like  <pu'2>/tw  are  not  affected 
by  compressibility  (SANDBORN,  1974), 

MAISE  and  McDONALD  also  showed  that  the 
mixing  length  distribution  is  nearly  indepen¬ 
dent  of  MACH  number.  This  means  that  the 
turbulent  shear  stress  is  expressed  as  : 

-  <puV>  =  pfZ  (^)^ 

where  tfS  has  the  same  evolution  of  y/5  as  in 
incompressible  flow  (figure  2).  This  formula 
can  be  used  to  calculate  equilibrium  or  near 
equilibrium  boundary  layers,  but  no  shock 
wave-boundary  layer  interaction  for  example. 

Many  features  of  supersonic  boundary  layers 
are  close  to  the  incompressible  case  but  some 
effects  of  compressibility  on  turbulence  struc¬ 
ture  can  be  noticed.  For  example,  the  intermit- 
tency  function  defined  as  the  fraction  of  time 
that  the  flow  is  turbulent  is  sharper  in  super¬ 
sonic  flow  ;  this  means  that  the  region  with  in¬ 
termittent  turbulence  is  narrower  in  superso¬ 
nic  flow  (flgure  3). 

The  entrainment  coefficient  is  also  affected  by 
the  MACH  number.  Compared  to  an  equivalent 
boundary  layer  in  incompressible  flow,  the 
entrainment  coefficient  of  a  boundary  layer  on 
an  adiabatic  wall  is  approximately  doubled  at 
Me°=S. 


The  idea  that  compressible  flows  behave  like 
incompressible  flows  led  many  authors  to  look 
for  transformations  which  reduce  the  study  of 
compressible  boundary  layers  to  that  of  an 
equivalent  incompressible  boundary  layer. 

In  fact,  there  is  no  method  which  enables  us  to 
transform  exactly  the  equations  of  a  compres¬ 
sible  boundary  layer  into  incompressible 
equations. 

Among  the  various  problems,  we  can  cite  the 
presence  of  large  temperature  gradients  nor¬ 
mal  to  the  wall,  the  dissipation  effects,  the 
fluctuating  density  terms,  ...  which  have  no 
counterpart  in  incompressible  flow. 

The  idea  of  compressibility  transformation  is 
however  used  for  specific  purposes,  for 
example  the  study  of  the  law  of  the  wall  or  the 
construction  of  a  skin  friction  law. 


To  study  this  problem,  BUSHNELL  el  al.,  I97S, 
characterized  the  boundary  layer  with  the  pa¬ 
rameter  8'*^  based  on  the  thickness  5  ; 


8+ 


Vw 


where  the  index  "max"  refers  to  the  maximum 
shear  t  in  the  boundary  layer. 


Qualitatively,  the  importance  of  low  REYNOLDS 
numbers  are  given  in  a  (5+,  R,)  plane  (figure  4). 


This  diagram  shows  that  the  effects  of  low 
REYNOLDS  numbers  can  be  important  even  if 

PeUeX 

the  REYNOLDS  number  R*  = - is  large. 

Pc 

BUSHNELL  et  al.  observed  that  the  level  of  the 
mixing  length  in  the  outer  region  can  be  dou¬ 
bled  or  more  when  8'*'  is  of  order  100  (figure 
Sa).  However  this  increase  is  a  function  of  dis¬ 
tance  downstream  of  transition  (compare  fi¬ 
gures  Sa  and  Sb)  ;  it  takes  about  a  distance  of 
30-50  8  to  wash  out  the  low  REYNOLDS  number 
effects. 


The  transition  onset  is  greatly  affected  by 
compressibility  effects  :  influence  of  MACH 
number,  influence  of  wall  to  boundary  layer 
edge  temperatuies  ratio.  ARNAL  used  the  e"- 
transitioa  criterion  to  evaluate  these  effects. 
Let  us  recollecl  the  principle  of  this  technique. 
The  stability  properties  of  laminar  boundary 
layers  are  determinded  by  solving  the  ORR- 
SOMMERFELD  equations.  These  solutians  indi¬ 
cate  whether  small  perturbations  are  suble  or 
unstable  (the  perturbations  are  waves  charac- 
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terized  by  their  frequency  and  wave  length). 
Another  result  of  these  solutions  is  the  amplifi¬ 
cation  rate  of  the  unstable  waves.  Then,  it  is 
possible  to  calculate  the  total  amplification  rate 
A/Aq  of  the  most  amplified  waves.  The  transi¬ 
tion  criterion  introduced  by  VAN  INGEN,  19S6, 
and  SMITH-GAMBERONI,  19S6,  tells  that 
transition  occurs  when  A/Aq  reaches  a  critical 
level  e".  The  factor  n  is  an  empirical  input 
which  characterizes  the  quality  of  the  external 
flow  :  when  the  external  flow  is  noisy,  the  va¬ 
lue  of  n  is  small  (in  noisy  supersonic  or  hyper¬ 
sonic  wind  tunnels,  n  =  2-4)  ;  in  a  clean  envi¬ 
ronment,  n  is  of  order  8-10  (BUSHNELL  et  al., 
1988). 

The  calculated  effects  of  MACH  number 
(adiabatic  wail)  and  of  the  wall  to  edge  tempe¬ 
rature  ratios  are  shown  in  figures  6  et  7.  Let 
us  notice  that  these  results  are  at  least  in 
qualitative  agreement  with  experimental  data. 
For  a  boundary  layer  developing  on  an  adiaba¬ 
tic  wall,  an  increase  in  MACH  number  <iabilizes 
the  transition  (the  transition  REYNOLDS  num¬ 
ber  is  larger)  except  in  the  range  2  <  M  <  3.S, 
where  the  opposite  effect  is  observed  (figure 
6).  Figure  7  shows  that,  for  a  given  MACH 
number,  a  cooling  of  the  wall  increases  the 
transition  REYNOLDS  number  compared  to  the 
case  of  an  adiabatic  wall  at  the  same  MACH 
number.  It  is  also  noted  that  the  beneficial  ef¬ 
fect  of  wall  cooling  is  less  pronounced  as  the 
MACH  number  increases. 


by  the  PECLET  number  : 


Pe  =  Rf*" 


For  air,  the  PRANDTL  number  is  close  to  unity 
so  that  the  thermal  field  is  fully  turbulent  for 
the  same  range  of  REYNOLDS  numbers  as  the 
velocity  field. 


Then  the  turbulent  heat  fluxes  are  often  analy¬ 
zed  by  using  the  turbulent  PRANDTL  number  P| 
defined  as  : 


<pu’v’>  !  <pu’T> 
'  dU  aT 


(14) 


ay  ay 


In  certain  analyses,  the  value  Pi  =  1  is  taken. 
This  is  the  so-called  REYNOLDS  analogy  (which 
is  different  from  the  strong  REYNOLDS  ana¬ 
logy). 

For  flat  plate  boundary  layers  in  air,  the  turbu¬ 
lent  PRANDTL  number  is  of  order  P|  =  0. 8-0.9 
with  a  tendency  to  increase  near  the  wall  and 
to  decrease  near  the  outer  edge. 

No  systematic  effects  of  MACH  number,  low 
REYNOLDS  number  or  blowing  have  been  ob¬ 
served  (BUSHNELL  et  al,  1977). 

The  data  of  BLACKWELL  et  al.  show  a  decrease 
in  Pi  when  the  pressure  gradient  is  positive 
(see  LAUNDER,  1976). 


2.7  Turbulent  heat  flux 

The  diffusion  of  heat  in  a  turbulent  boundary 
layer  is  due  to  the  molecular  diffusivity  and  to 
the  transport  by  turbulence.  The  corresponding 
fluxes  are  : 

8T 

Qi=  -  X—  and  Qt  =  <pv'h'> 

When  the  flow  is  fully  turbulent,  the  ratio  QJQt 
is  large  and  the  thermal  transfer  is  mainly  due 
to  turbulence. 

As  already  seen,  the  correlation  between  ve¬ 
locity  and  temperature  fluctuations  is  good. 

The  coefficient  I<v'T>1/(<v'2><tZ>)1/2  can  be 
the  order  0.6.  Then,  the  order  of  magnitude  of 
Qi/Qr  is  : 

Qt  JfJ  <T^>in 
Qi~  V  ^  AT 

where  P  is  the  PRANDTL  number  ;  AT  is  a  cha¬ 
racteristic  temperature  difference  within  the 
boundary  layer  ;  u  is  a  characteristic  velocity  of 
turboleiHre  ;  f  Is  a  characteristic  length  scale  of 
turbulence. 

Thus  the  thermal  turbulence  is  characterized 


The  value  of  the  PRANDTL  number  can  be  in¬ 
fluenced  by  boundary  conditions.  For  example, 
on  a  rough  wall  compared  with  a  smooth  wall, 
the  increase  in  heat  flux  is  less  than  the  in¬ 
crease  in  the  skin  friction. 

On  the  other  hand,  the  value  of  the  PRANDTL 
number  depends  on  the  type  of  flow.  In  free 
flows,  P|  is  significantly  different  from  unity  in 
the  central  part  of  the  flow.  For  round  jets.  Pi  is 
of  order  0.7.  For  wakes,  values  of  order  0.5 
have  been  measured.  This  means  that  calcula¬ 
ting  a  compressible  turbulent  flow  with  a  tur¬ 
bulent  PRANDTL  number  is  a  simple  solution 
but  not  the  best,  (figure  8). 

The  analogy  between  the  fluctuations  of  velo¬ 
city  and  temperature  has  been  extensively 
studied  by  FULACHIER  and  ANTONIA.  They 
found  that  there  is  a  good  analogy  for  the 
energy-containing  part  of  the  spectra  of  the 
temperature  fluctuations  and  of  the  total  velo¬ 
city  fluctuations  ;  this  result  has  been  obtained 
for  different  types  of  flows. 

These  authors  also  showed  that  the  spectral 
distribution  of  the  PRANDTL  number  is  not  at 
all  uniform.  The  analogy  between  velocity  and 
temperature  fluctuations  is  analyzed  by  using 
the  parameter  B  : 


Conference.  The  integral  method  gives  right 
trends  in  the  range  of  parameters  investigated 
(Me  <  5  ;  0.2  <  T*  /  T,<i  <  1). 
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where  q'  is  the  fluctuation  of  the  total  velocity. 

FULACHIER  and  ANTONIA  observed  that  B  va¬ 
ries  from  flow  to  flow  but  is  nearly  constant 
within  a  given  flow.  In  addition,  the  spectral 
distribution  of  B  is  nearly  uniform  (except  for 
high  values  of  frequency). 


3.8  Qthtr .  Brflbltms 

As  already  seen,  the  compressibility  of  the  flow 
adds  many  complexities  as  compared  to  the  in¬ 
compressible  flow.  The  list  of  problems  discus¬ 
sed  in  this  section  is  not  complete  and  many 
other  effects  could  be  cited. 

The  hypersonic  vehicles  often  have  a  blunt 
shape  so  that  a  bow  shock  wave  exists  in  front 
of  them.  Then,  the  streamlines  which  cross  this 
shock  wave  do  not  have  the  same  entropy 
jump  and  the  boundary  layer  is  fed  with  va¬ 
riable  entropy  streamlines  ;  the  associated  va¬ 
riations  of  free  stream  characteristics  normal  to 
the  wall  can  be  large.  The  influence  on  the  tur¬ 
bulence  structure  is  not  known. 

Instability  like  GORTLER  vortices  can  develop 
in  supersonic  or  hypersonic  flow.  This  has  been 
observed  in  the  flow  on  a  compression  ramp 
for  example. 

The  shock  wave-boundary  layer  interaction  is 
obviously  a  problem  of  prime  importance  in 
transonic,  supersonic  and  hypersonic  flow.  This 
topic  has  been  reviewed  by  DELERY,  1988,  in 
great  details. 


3.  EXAMPLES  OF  rAl.nil.ATiniu  OF 
TURBULENT  COMPRF..S.SIBLE  FI.OW.S 

3.1  Flat  Plate  boundary  layers 

An  integral  method  has  been  used  (COUSTEIX 
et  al,  1974)  to  determine  the  effects  of  MACH 
number  and  wall  temperature  on  the  skin  fric¬ 
tion  of  the  flat  plate  boundary  layer.  The  inte¬ 
gral  method  is  based  on  the  solution  of  the  glo¬ 
bal  equations  of  continuity,  momentum  and 
energy.  The  closure  relationships  are  obtained 
from  self-similarity  solutions  calculated  with  a 
mixing  length  scheme. 

Figures  9  and  10  show  the  comparisons  of  nu¬ 
merical  results  with  the  VAN  DRIEST  II  results. 
These  latter  results  are  in  good  agreement  with 
the  experimental  dau  and  are  recommended 
as  references  at  the  1980-81  STANFORD 


CEBECI-SMITH  also  presented  comparisons  of 
experimental  skin  friction  coefficients  for  adia¬ 
batic  flat  plate  boundary  layers  by  using  re¬ 
sults  obtained  with  their  method.  The  calcula¬ 
tions  have  been  performed  with  the  CEBECI- 
SMITH  mixing  length  model.  In  the  range 
0.4  <  Me  <  5.  1  600  <  Re  <  702  000,  figure  1 1 
shows  that  the  calculations  reproduce  the 
experiments  very  well. 

Another  application  of  the  integral  method 
proposed  by  COUSTEIX  et  al.  is  shown  on  figure 
12.  In  the  experiments  performed  by 
HASTINGS-SAWYER,  the  MACH  number  is 
nearly  constant  (Me  =  4)  and  the  wall  is  adia¬ 
batic.  Good  results  are  obtained  on  boundary 
layer  thickness  and  skin  friction. 

The  following  application  concerns  a  flat  plate 
boundary  layer  with  heat  transfer  (COLEMAN 
et  al.).  The  calculations  have  been  first  perfor¬ 
med  in  turbulent  flow  with  a  mixing  length 
scheme  (figure  13).  It  seems  that  the  quality  of 
results  is  poor  as  the  MACH  number  increases. 
Calculations  have  also  been  performed  by 
ARNAL  by  taking  into  acount  transition  effects. 
In  the  transition  region,  the  shear  stress  is  cal¬ 
culated  by  : 

-<pu'v'>  =  E  p, — 
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The  eddy  viscosity  is  given  by  a  mixing  length 
scheme.  In  incompressible  flow,  the  intermit- 
tency  function  e  is  described  according  to  figure 
14  (6  is  the  momentum  thickness  calculated  at 
the  current  point  and  By  is  the  value  determi¬ 
ned  at  the  transition  point).  In  compressible 
flow,  the  intermittency  function  e  is  expressed 
0 

by  the  same  function  but  —  -  1  is  replaced  by 

e 

(  ^  -  1 )/( 1  +  0.02  M^)  to  take  into  account  the 

lengthening  of  the  transition  region  at  high 
speeds.  In  the  application  shown  on  figure  15, 
the  transition  point  is  prescribed  according  to 
the  experiments.  Qualitatively,  well  behaved 
computational  results  are  obtained  but  the  le¬ 
vel  of  heat  fluxes  is  slightly  overestimated  in 
the  turbulent  region. 


3.2  Boundary  layer  with  nressure  gra¬ 
dient 

In  the  experiments  of  CLUTTER-KAUPS,  the 
boundary  layer  is  studied  along  a  body  of  re¬ 
volution  with  different  conditions  of  velocity, 
pressure  gradient  and  wall  temperature.  In  the 
example  presented,  the  MACH  number  is 
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around  2.3,  the  pressure  gradient  is  slightly 
negative  and  the  ratio  Tw/Tad  is  around  0.6. 

The  calculations  have  been  performed  using 
three  methods  :  the  integral  method  proposed 
by  COUSTEIX  et  al.,  a  mixing  length  scheme  and 
the  k-e  JONES-LAUNDER  model.  This  case  does 
not  pose  special  difficulties  and  all  the  methods 
are  in  good  agreement  with  experiments 
(figure  16). 

In  the  experiments  of  LEWIS  et  al.,  1972,  the 
boundary  layer  is  studied  along  the  inner  wall 
of  a  cylinder  and  a  centerbody  placed  along  the 
axis  generates  the  pressure  gradient.  The  wall 
is  adiabatic.  The  calculations  shown  in  figure 
17  have  been  performed  by  CEBECI  with  his 
mixing  length  model.  The  calculated  results  re¬ 
produce  the  effects  of  adverse  and  favorable 
pressure  gradient  very  well. 


3.3  Boundary  layer  with  variable  waU 
temperature 

Extensive  studies  of  boundary  layers  with 
pressure  gradient,  heat  fluxes  and  blowing  and 
suction  have  been  performed  by  MORETTI- 
KAYS,  MOFFAT-KAYS.  The  case  presented  in  fi¬ 
gure  18  deals  with  a  negative  pressure  gra¬ 
dient  and  a  variable  wall  temperature.  The  cal¬ 
culations  by  CEBECI-SMITH  follow  the  experi¬ 
mental  data  remarkably  well. 


3.4  Calculations  with  heat  flux  transport 
rnuation.s 

FINSON  and  WU,  1979,  developed  a  REYNOLDS 
stress  transport  equation  model  which  also  in¬ 
cludes  transport  equations  for  the  turbulent 
heat  fluxes.  This  model  has  been  applied  with 
the  boundary  layer  approximation.  JTNSON-WU 
used  their  model  to  calculate  boundary  layers 
on  rough  wall.  To  do  this,  they  added  rough¬ 
ness  functions  in  the  momentum  equation,  in 
the  turbulent  kinetic  energy  equation  and  in 
the  dissipation  equation. 

Figures  19  and  20  show  the  results  of  their  cal¬ 
culation  at  low  speed  and  comparisons  with 
measurements  by  HEALZER  et  The  calcula¬ 
tions  reproduce  the  increase  in  the  skin  friction 
coefficient  and  in  the  STANTON  number 
(St  =  9w/peUe(hie-hw)).  It  >s  interesting  to 
notice  that  the  increase  in  the  heal  flux  is  less 
than  the  increase  in  skin  friction.  This  means 
that  the  REYNOLDS  analogy  is  not  preserved. 
This  case  illustrates  the  interest  in  using  a 
model  with  heat  flux  transport  equations. 

In  incompressible  flow,  several  models  have 
been  proposed  for  calculating  a  scalar  field 
with  scalar  flux  equations.  The  scalar  can  be 
temperature.  Such  a  model  has  been  developed 


by  JONES-MUSONGE,  1988.  Figure  21  shows  the 
application  of  this  model  to  the  experimental 
data  obtained  by  TAVOULARIS  and  CORRSIN  in 
a  nearly  homogeneous  shear  flow  with  a  linear 
temperature  gradient.  The  results  represented 
in  figure  26  are  the  turbulent  PRANDTL  num¬ 
ber  and  the  ratio  of  heat  fluxes.  Here  again,  this 
case  illustrates  the  value  of  a  model  with  heat 
flux  transport  equations. 

/ONES-MUSONGE  applied  their  model  with  the 
same  sucess  to  a  thermal  mixing  layer  downs¬ 
tream  of  a  turbulence  grid  and  to  a  slightly 
heated  plane  jet  in  stagnant  surrounds. 

3.S  Shock  wave-boundary  layer  interac¬ 
tions 

BENAY  et  al..  1987,  performed  a  critical  study 
of  various  turbulence  models  applied  to  the 
calculation  of  shock  wave-boundary  layer  inte¬ 
raction  in  transonic  flow.  This  study  has  been 
performed  by  using  the  boundary  layer  equa¬ 
tions  solved  in  the  inverse  mode  (the  displa¬ 
cement  thickness  distribution  is  introduced  as 
a  datum  in  this  calculation  method).  The  au¬ 
thors  verified  the  validity  of  this  approach  by 
comparison  with  NAVIER-STOKES  solutions. 
They  tested  mixing  length  models  (from 
MICHEL,  ALBER  and  BALDWIN-LOMAX)  and 
models  with  transport  equations  (the  JOHNSON- 
KING  model  which  includes  an  equation  for  the 
maximum  shear  stress,  the  k-e  JONES-LAUNDER 
model,  the  Algebraic  Stress  Model  which  is 
obtained  from  the  RODI  proposal  applied  to  the 
HANJALIC-LAUNDER  three  equation  model).  In 
a  general  way,  the  authors  concluded  that  the 
models  with  transport  equations  behave  better 
than  the  other  models.  The  best  results  are 
obtained  with  the  Algebraic  Stress  Model 
(figures  22b-c-d).  It  is  noticed  that  the  mean 
velocity  profiles  are  well  calculated  with  this 
model  whereas  the  turbulence  characteristics 
are  not.  However  the  experiment  reveals  that 
the  flow  is  not  strictly  steady  and  the  unstea¬ 
diness  can  interact  with  turbulence  :  on  the 
other  hand,  the  experimental  data  ar  not  ana¬ 
lysed  by  taking  into  account  this  unsteadiness. 

Another  example  is  provided  by  calculations 
performed  at  NASA  with  NAVIER-STOKES 
equations  (see  MARVIN-COAKLEY).  The  expe¬ 
rimental  conflguration  is  depicted  in  figure 
23a.  The  results  obtained  with  three  models 
are  compared  with  the  experimental  data  :  the 
CEBECI-SMITH  model,  the  BALDWIN-LOMAX 
and  a  q-tn  model  which  has  been  proposed  by 
COAKLEY,  1983  ;  this  model  has  been  modified 
to  take  into  account  compressibility  corrections 
and  finally  a  heal  transfer  correction  is  inclu¬ 
ded  (in  the  eddy  viscosity,  the  length  scale  be¬ 
comes  r  =  min(2.4y,  q/u)  in  order  to  reduce  die 
beat  transfer  in  the  region  of  reattachment). 
The  results  are  given  in  figures  23b  and  23c 
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for  two  angles  of  the  corner  :  6  =  1S°  and 
6  =  38°.  A  reasonable  agreement  is  obtained 
with  the  three  models  for  6  =  IS°  ;  for  the  case 
0  =  38°,  the  results  obtained  with  the  CEBECI- 
SMITH  model  have  not  been  given  because  of 
the  difficulties  in  computing  the  displacement 
thickness  distribution.  It  should  also  be  noticed 
that  the  overshoot  of  the  heal  flux  near  the 
reattachment  is  not  predicted  by  any  model. 


The  free  shear  layer  is  a  flow  where  the  inade¬ 
quacy  of  "incompressible"  models  has  been  at¬ 
tributed  to  compressibility  terms.  Indeed  the 
models  extended  from  the  incompressible  case 
without  compressibility  effects  predict  practi¬ 
cally  no  effect  of  the  MACH  number  on  the  rate 
of  expansion  of  the  free  shear  layer  whereas 
the  experimental  results  indicate  a  decrease  in 
the  expansion  as  the  MACH  number  increases. 
The  results  shown  in  figure  24  are  concerned 
with  a  shear  layer  with  a  zero  velocity  on  one 
side  and  a  non  zero  velocity  Ue  on  the  other 
side.  The  thickness  8  is  defined  as  the  distance 
between  the  points  where  the  velocity  is 
Vo. I  Ue  and  Vo.9  Ue.  The  computed  results 
have  been  produced  by  BONNET  for  the  1980- 
81  STANFORD  Conference.  To  calculate  this 
flow,  BONNET  tried  to  include  compressibility 
terms  in  the  modelling  of  the  pressure-velocity 
correlation  term.  He  argued  that  the  pressure 
equation  in  a  steady  compressible  two-dimen¬ 
sional  thin  shear  flow  suggests  that  compres¬ 
sibility  affects  mainly  the  retum-to-isotropy 
term.  Accordingly,  the  modelled  form  of  this 
term  is  multiplied  by  a  compressibility  depen¬ 
dent  factor.  Improvements  of  the  same  quality 
have  been  obtained  by  VANDROMME  and  by 
DUSSAUGE-QUINE  who  also  introduced  com¬ 
pressibility  effects.  These  compressibility  cor¬ 
rections  lead  to  improved  results  (as  compared 
with  experimental  data)  but  it  is  not  sure  if  the 
effects  of  MACH  number  are  attributable  to 
modiflcations  of  the  turbulence  structure  or  to 
a  problem  of  stability  which  modifies  the  large 
structures  of  the  shear  layer  in  which  case  it  is 
not  justified  to  accuse  the  turbulence  model. 


CONCLUSION 

The  calculations  of  classical  compressible  tur¬ 
bulent  boundary  layers  not  too  far  from  equili¬ 
brium  have  often  been  approached  with  rather 
simple  models  extended  in  a  straightforward 
manner  from  the  incompressible  case.  For 
these  cases,  this  approach  is  justified  even  at 
MACH  numben  u  high  as  10  except  perhaps 
for  the  calculation  of  wall  heat  flux  where  some 
uncertainty  is  still  present.  Indeed,  in  most  of 
the  calculationt,  the  turbulent  heal  flux  is 
evaluated  by  using  a  turbulent  PRANDTL  num¬ 


ber  which  is  assumed  essentially  to  be  a  cons¬ 
tant.  This  hypothesis  influences  directly  the 
calculation  of  the  wall  heat  fluxes.  In  many  si¬ 
tuations,  the  value  of  the  PRANDTL  number  is 
not  the  value  determined  in  a  flat  plate  boun¬ 
dary  layer.  Therefore,  it  is  certainly  valuable  to 
try  to  develop  transport  equations  for  the  tur¬ 
bulent  heat  fluxes,  lliis  work  is  often  perfor¬ 
med  when  the  temperature  can  be  considered 
as  a  passive  scalar  which  is  a  first  approach  to 
the  more  general  problem  of  compressible 
flow.  Useful  information  can  be  gained  from 
the  studies  of  the  mixing  of  non  reactive  gases 
and  from  the  study  of  homogeneous  compres¬ 
sed  turbulence  (REYNOLDS,  1987). 

The  question  of  including  compressibility  cor¬ 
rections  in  the  transport  equations  is  not  sol¬ 
ved  because  these  terms  have  been  used  for 
flows  such  as  the  free  shear  layer  or  shock 
wave-boundary  layer  interaction.  It  seems  that 
the  inclusion  of  such  terms  has  often  been  be¬ 
neficial  but  it  is  not  clear  if  these  compressibi¬ 
lity  terms  are  completely  justified  or  if  they 
mask  other  problems.  In  the  case  of  the  shock 
wave-boundary  layer  interaction,  models  are 
available  which  give  reasonable  agreement  on 
pressure  distribution  for  example,  but  none  of 
them  give  the  viscous  parameters  with  the  re¬ 
quired  accuracy. 

A  third  important  problem  is  the  near  wall 
treatment  (which  is  not  specific  of  the  com¬ 
pressible  flows).  In  most  of  the  applications,  a 
simple  model  is  used  (for  example  a  mixing 
length  or  a  one-equation  model)  but  efforts  are 
devoted  to  develop  more  general  models  valid 
in  the  fully  turbulent  region  and  in  the  near 
wall  region  (LAUNDER-TSELEPIDALIS,  1988). 

Indeed  the  near  wall  model  is  very  important 
because  not  only  it  influences  the  prediction  of 
the  skin  friction  for  example,  but  also  it  has  an 
important  effect  on  the  numerical  behaviour  of 
the  model.  The  numerical  properties  of  the 
models  are  rather  rarely  studied,  although  they 
are  of  great  practical  relevance  ;  indeed  it  is 
not  very  useful  to  have  a  well  physically  foun¬ 
ded  model  which  leads  to  untractable  numeri¬ 
cal  difficulties. 

The  evaluation  of  turbulence  models  is  based 
on  comparisons  with  experimental  data  but  it 
appears  that  accurate  data  are  not  very  nume¬ 
rous  in  compressible  flows.  Surprisingly  good 
data  are  available  for  complex  flows  like 
shock-wave/boundary  layer  interactions  but 
for  simpler  boundary  layer  flows  the  data  are 
limited.  Good  and  detailed  data  are  needed  to 
evaluate  the  effects  of  MACH  number,  wall 
temperature,  pressure  gradient.  For  this  latter 
case  (effect  of  pressure  gradient),  simple  expe¬ 
riments  are  difficult  because  the  generation  of 
•treamwise  pressure  gradient  induces  the  pre¬ 
sence  of  a  pressure  gradient  normal  to  the  wall. 
Now,  when  boundary  layer  codes  are  used  the 
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presence  of  normal  pressure  gradient  is  not  ac¬ 
counted  for.  Then  it  could  be  instructive  to  de¬ 
velop  second  order  boundary  layer  codes  to 
analyze  the  validity  of  turbulence  models  in 
such  cases. 

Another  direction  which  is  being  worked  on  to 
improve  turbulence  models  is  the  use  of  full 
numerical  simulations.  In  incompressible  flow, 
the  results  of  these  simulations  have  led  to  im¬ 
provements  (for  example  for  the  study  of  rota¬ 
tion  effects)  and  it  is  believed  that  the  numeri¬ 
cal  simulations  are  useful  to  generate  complete 
sets  of  data  for  basic  flows  and  the  analysis  of 
these  data  is  certainly  a  precious  guide  to  im¬ 
prove  turbulence  models. 

It  is  also  worth  mentionning  the  problem  of 
laminar-turbulent  transition.  The  accurate 
prediction  of  the  transition  location  and  of  the 
transition  length  are  obviously  very  important 
parameters  for  the  description  of  the  flow  but 
the  influence  on  the  characteristics  of  the 
downstream  turbulent  flow  is  not  very  well 
known. 
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FIGURES 


MAISE  &  MCDONALD  M-  5 


stress  distribution  in  a  flat  plate  boundary  layer 
Figure  taken  from  MARVIN-COAKLEY 


Piyiire  2  ;  Effect  of  Mach  number  on  the  mixing 
length  distribution  from  MAISE  and  McDonald. 
Figure  taken  from  MARVIN-COAKLEY 
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Figure  3  :  Effect  of  Mach  number  on  the  inter- 
mittency  function  from  SANDBORN. 
Figure  taken  from  BUSHNELL  et  at.,  1976 


Figure  4  :  Importance  of  low  Reynolds  number 
effects  at  high  Mach  number 
From  BUSHNEU  et  al..  1976 


mixing  length  downstream  of  natural  transition 
on  plates,  cones  and  cylinders 
From  BUSHNELL  et  al. 
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Fieufc  ;  Effects  of  low  boundary  layer 
Reynolds  number  on  the  outer  level  of  the 
mixing  length  for  flows  on  nozzle  walls  without 
laminarization-retransition 
From  BUSHNELL  tt  al. 


Figure  6  ;  A|^lication  of  the  e"  method  to  the 
boundary  layer  transition  on  a  sharp  cone  with 
an  adiabatic  wall 
From  ARNAL,  198S 


Figure  7  ;  Theoretical  effect  of  wall  cooling  on 
the  flat  plate  transition  Reynolds  number  as 
calculated  by  the  e"  method  (n=9) 

From  ARNAL,  1988 

Rito  the  transition  Reynolds  number  for 
Tw/Taw  =  1  (adiabatic  wall).  Rno  depends  on 
the  value  fo  the  Mach  number 


Figure  8a  :  Frandtl  number  in  a  boundary  layer 
From  MEIER-ROTTA 


Figure  gb  ;  Prandtl  number  in  a  plane  jet 
From  FULACHIER-ANTONIA 
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Fiyure  8c  :  PrandU  number  in  a  mixing  layer 
From  CHAMBERS  et  al. 
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EUufC  8d  :  Prandll  number  in  a  homogeneous 
shear  flow 

From  TAVOULARIS-CORRSIN 


Fiynre  10  :  Effect  of  wall  temperature  on  the 
skin  friction  of  a  flat  plate  boundary  layer 
(Mt=5) 

Tw  =  wall  temperature  -  T|d  ===  adiabatic  wall 

temperature 

Free  flight  at  ISOOO  m 

Re  =  10  000  Cfo  =  2.634  10-3 

From  VAN  DRIEST  II  applied  to  KARMAN- 
SCHONHERR  equation 
□  Integral  method 


Figure  9  :  Effect  of  Mach  number  on  the  skin 
fHction  of  a  flat  plate  boundary  layer 
(insulated  wall) 

Free  flight  at  15000  m 

Re  B  10  000  Cfo  °  2.634  10-3 

From  VAN  DRIEST  II  applied  to  KARMAN- 
SCHONHERR  equation 
□  Integral  method 


Figure  11  ;  Comparison  of  calculated  and 
experimental  local  skin  friction  values  for 
adiabatic  flat  plates 
Calculations  from  CEBECI-SMITH 
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Figure  12  :  Calculation  of  the  eaperiments  of 
HASTINGS-SAWYER  with  an  integral  method 


Figure  13  :  Calculations  of  COLEMAN  et  al. 
experiments  with  a  mixing  length  scheme 
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Figure  15  :  Calculations  of  COLEMAN  el 
experiments  taking  into  account  the  transition 
region 

From  ARSAL 


Ryme  16  :  Caiculation  of  CLUTTER-KAUPS 
experiments 

-  integral  method 

—  mixing  length 

k  -  e  model  (JONES-LAUNPER) 


Figure  17  ;  Calculations  of  LEWIS  et  al. 
experiments  by  CEBEO -SMITH 
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Fiture  18  :  Boundary  layer  with  variable  wall 
temperature 

«»«o  Experiments  :  MORETTI-KAYS 
_  Calculations  :  CEBECI-SMITH 


Figure  21  :  Scalar  turbulence  in  a  nearly 
homogeneous  shear  flow  with  a  linear  mean 
temperature  gradient  Experiment  ; 
TAVOULARIS-CORRSIN 
_  Calculations .  JONES-MUSONGE 


Piyure  19  :  Calculations  of  the  skin  friction 
coefficient  on  a  roughened  flat  plate 
By  FmON-WU 


Flenre  20  ;  Calculations  of  the  heal  transfer 
coefficient  on  a  roughened  flat  plate 
By  FINSON  WU 


Figure  22a  :  Calculations  of  a  boundary 
layer/shock-wave  interaction  with  an  inverse 
boundary  layer  method  -  McO  =  1-36 
The  experimental  displacement  thickness 
distribution  is  used  as  an  input  of  the  method 
Front  BEN  AY  ei  al. 
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Figure  22b  :  Comparison  between  calculated  and 
experimental  pressure  distribution 


Y{mm)  Michel  etal. 
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Pianre  22c  ;  Comparison  between  calculated  and 
experimental  boundary  layer  velocity  profiles 


Fiiure  23c  :  Comparison  between  calculated  and 
experimental  data  on  a  compression  comer  flow 
Plyure  Ma  ;  Study  of  a  compiesston  comer  flow  -  8  =  38®  -  Pressure  and  heat  transfer 

From  MAFVIN-CAOKLEY  distributions 
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SUMMARY 

The  paper  reviews  some  recent  work  in  the  area  of  modelling 
turbulence  in  near-wall  regions  and  by  Reynolds-stress-equation 
models.  Various  low-Reynolds-number  versions  of  the  k-£ 
model  and  their  damping  functions  ate  examined  with  the  aid  of 
results  fmm  direct  numerical  simuladons  and  they  ate  compared 
with  respect  to  their  performance  in  calculating  boundary  layers 
under  adverse  and  favourable  pressure  gradients.  A  two-layer 
model  is  presented  in  which  near-wall  regions  ate  resolved  wi&  a 
one-equadoo  model  and  the  cote  region  with  the  standard  k-e 
model.  Various  applications  of  this  tn^l  are  shown.  The  ability 
of  the  various  models  to  simulate  laminar-turbulent  transidon  in 
boundary  layers  is  discussed.  Recent  applicadons  of  a  fairly 
simple,  standud  Reynolds-sttess-equadon  model  to  two  complex 
flows  of  pracdcal  interest  ate  presented.  Finally,  the  paper  tepcns 
on  soitK  recent  proposals  for  improved  Reynolds-strr's-cquadoo 
models  and  pnmtfos  an  outlook  on  possible  fin  re  turbulence- 
model  developments. 


1.  INTRODUenON 

In  convendonal  turbulence  tr'^ielUng,  whose  task  it  is  to  provide 
models  for  calculadng  the  turbulent  stresses  appearing  in  the 
Reynolds-averaged  er.uauons,  three  main  approaches  have 
emerged; 

(i)  Fairly  simple  eddy-viscosity  models,  which  are  either 
entirely  algebraic  and  of  the  irdxing-lenth-tnodel  type 
(Cebeci-Smiih  [1],  Baldwin-Lomax  [2])  or  employ  an 
ordinary  differentia  equation  for  the  maximim  shear  stress 
(Johnson  and  King  [3])  ate  used  extensively  for  calculating 
me  flow  over  airfoils  and  turbomachine^  blades  at  all 
speeds.  The  usefulness  of  the  various  models  depends  on 
the  degree  of  flow  separation.  While  the  entirely  algebraic 
models  cannot  simulate  tranqnrt  and  history  effects,  the 
Johnson-King  model  can  account  for  such  effects  and 
therefore  appeara  to  perform  best  in  the  pieMnce  of 
separation  regioos.  However,  tins  model  was  designed  for 
exterrud  aeiadynamic  flows  with  relatively  small  separation 
zones  and  is  not  so  suitable  for  other  situations  with 
massively  separated  flow. 

Qi)  The  second  main  class  of  turbulence  models  in  practical  use 
today  ate  the  k-e-type  models  emplo^g  two  differential 
equations  for  calculating  the  eddy  viacosiD,  one  for  the 
velocity  scale  and  the  other  for  the  length  scale  of  the 
turbulent  fluctuations,  k-e-type  models  are  widely  used  for 
practical  calculations  and  are  bnill  into  many  commercial 
general-pmpose  CPD  codes.  They  can  hande  situations 
with  massive  separation;  yet  there  IS  no  guaranlee  for  good 
accuracy.  The  use  of  an  isotropic  eddy  viscosity, 
establishing  a  done  link  between  the  turbulent  stresses  and 
the  strain  rate,  is  probably  too  simple  for  highly  non- 
isottopic  situations  prevaiUng  in  flows  with  oanfiex  straio 
flelda  Mow  practical  k-e  model  cafcalations  are  ttiB  carried 
out  svith  waU  funcdoos  bridgiag  the  viscous  sublayer,  but 
teoettly  also  low-ReyncUs-nualiervctsiaos  readying  this 
sublayer  have  become  popular,  and  these  verskna  mast  be 
used  arheaever  the  flow  is  ttaositioasl.  CousideraMe 
tesMdi  activity  has  been  going  on  in  the  area  of  near-wan 
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The  third  class  of  models  tat  use  ate  Reynoids-sbess- 


bul  solve  moiM-ltai^etl  aviations  for  the  bidivfooal 
Reynolds  soesses.  They  are  beoer  soiisd  for  complex  setda 


Reids  as  well  as  for  simulating  transport  and  history  effects 
and  the  anisotropy  of  turbulence,  and  they  automatically 
account  for  certain  extra  effects  on  turbulence  such  as  due 
to  streamline  curvature,  rotation,  buoyancy  and  flow 
dilaution.  RSE  models  have  recently  been  subjected  to 
fairly  wide  testing  and  are  presently  built  into  commercial 
CFD  codes.  However,  the  main  testing  and  application  has 
been  restricted  to  fairly  basic  versions  of  RSE  models 
which  do  not  satisfy  certain  theoretical  requirements  like  the 
lealisability  conditions  and  compatability  with  the  limiting 
2D  state  of  turbulence  near  walls.  Another  active  area  of 
research  is  the  development  of  more  refined  models  which 
do  satisfy  these  requirements.  Further,  RSE  models  were 
applied  so  far  mainly  in  connection  with  wall  functions,  but 
recently  research  has  focused  also  on  near-wall  RSE 
imdclling. 

Much  of  the  recent  turbulence  modelling  activities  described 
briefly  under  (ii)  and  (iii)  was  prompu^  by  the  increase  in 
computing  power.  This  also  triggered  another  development  in 
mibulence  research,  as  direct  numerical  simulations  are  now 
|»ssible,  at  least  for  moderate  Reynolds  numbers.  The  direct 
simulations  performed  to-date  alre^y  provide  a  wealth  of  data 
that  allow  the  checking  of  each  and  every  detail  of  the  model 
proposals  and  may  fonn  the  basis  for  devising  improved  models. 
Hence,  turbulence-model  development  and  testing  benefits 
increasingly  from  the  direct  numerical  simulation  data,  but  since 
these  are  so  far  restricted  to  fairly  low  Reynolds  numbers,  the 
greatest  impact  of  the  direct  simulations  was  so  for  on  near-wall 
modelling. 

The  present  papa  describes  some  recent  devclc^ments  in  areas 
where  research  is  particularly  active,  namely  the  areas  of  near¬ 
wall  modelling  and  the  application  of  l»sic  RSE  models  to 
complex  flows.  Fuither,  trends  in  the  development  of  more 
reflned  Reynolds-stress  closures  are  briefly  discussed.  Of 
necessity,  only  some  areas  of  recent  turbulence-modelling  work 
can  be  covert  and  the  paper  focuses  on  incompressible  flow 
and  on  the  modelling  of  Reynolds  stresses  (rather  than  turbulent 
heat  and  mass  fluxed- 

2.  NEAR-WALL  MODELLING 

The  simple  eddy-viscosity  models  listed  in  the  Introduction  under 
(i)  resolve  the  viscous  sublayer  near  walls  by  relying  on  the  van 
Driest  damping  model  for  die  eddy  viscosity.  Hie  application  of 
these  models  is  restricted  mainly  u>  external  aerodyiuunic  flows 
without  massive  separation.  Dictated  by  the  limiutions  of 
computer  resources,  most  practical  calculations  with  mote 
complex  turbuleiice  models  such  as  k-e-  and  ReynoMs-stress- 
equation  models  svere  carried  out  so  far  by  bridging  the  rather 
d^  viacosity-afrected  near-wall  layer  by  wall  fon^ons.  The 
areas  of  steep  gtadieiits  in  diis  lam  were  dneby  not  resolved  as 
the  first  grid  point  away  6om  he  wall  was  placed  outside  the 
viacoua  aublayer.  As  deacribed  in  some  detau  in  [4]  for  dre  k-e 
model,  the  wan  functions  relating  the  vdottity  and  turbulence 
quamUes  at  the  Brat  grid  poim  mai^  to  the  bimiai  velocity  lean 
heavily  on  the  aaaurtDtion  of  a  lofatidittiic  velocity  tfiatribution 
and  of  local  equilibrium  of  turbulenoe.  These  assumptions  me 
certainly  not  |encn%  valid,  for  example  not  whro  strong 
secondary  fhm  extend  into  the  aublayer  [S]  and  also  not  in 
sqwrated  flows.  The  waU  functions  are  of  course  patticalatly 
unsttiied  for  sepataion  and  teanachmem  regions.  Ow  to  reoem 
jnaeasee  in  computing  power,  the  necessity  to  use  waUfancticna 
is  now  much  reduced,  snd  oonsideralile  activity  was  teceirty 
tSrecied  towards  testing  and  developing  low  Reynolils-namber 
models  for  ahnalaling  me  latbnieal  pauoeaaes  very  near  walls.  In 
the  following,  some  of  diese  activities  win  be  dascifoed  for  k-c- 
type  models.  It  should  be  mentioned  in  this  context  tiiat  for 
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Strongly  compcetsi^  terodyiuunic  flows,  chere  is  some  trend  in 
the  opposite  directkm.  ninaety  to  use  specially  ^veloped  wall 
funcdoos  [6].  various  transonic  and  supenonic  flows. 
Marvu  [7]  iqxMs  siqwrior  k-e  model  predictions  wiA  these  wall 
functions  over  the  use  of  a  low-Re  verskm. 

2.1  Low-Re  k-e  MnA>k 

Various  near-wall  versioos  of  the  widely  used  k-e  turbulence 
mo^l  have  been  proposed,  and  the  pre  1984  models  have  been 
r^iev^  by  Patel  et  al.  [8].  These  versioos  employ  the  e^y- 
viscosity  coooqn  and  detennine  the  eddy  viscosity  vt  from 

V  = » c  (» 

'  M  T 

where  f^  is  a  damping  function  and  k  and  e  are  determined  from 
die  following  equadons: 


(2) 


u” 


“1311; 


axj 


(t,  3«i 


In  some  model  versmns,  e  is  eqiul  to  the  K;tiial  dissipation  e. 
while  in  othen  it  is  e  -  e  -  D,  wnete  D  depends  on  the  versioo 
considered  uid  is  non-zeto  onljr  in  the  viscosity-sffected  region. 
Equatian  (3)  for  the  vuiabie  e  contains  the  actional  danqting 
functions  fi  and  f2  and  in  some  versions  an  extra  tens  E.  The 
versiona  publiahed  before  1984,  their  damping  fonctiona  and  the 
extra  terma  involved  have  been  discussed  in  detail  by  Patel  [8], 
Here,  three  more  recent  verakma  [9,  10,  1 1]  are  included  and 
three  iasues  iR  addressed,  namely  die  fp-fonctioa,  comparison 
with  direct  aiimiladon  data,  and  the  perfoimance  for  boundary 
layers  under  adverse  and  fovouraUe  pressure  gradients.  As  was 
pointed  out  already  in  [8],  the  damping  of  the  turbulent 
momentum  transfer  near  sralla  is  due  to  both  viscous  effects  and 
the  reduction  of  velocity  fluctuations  nocmal  to  the  wall  by  die 
pressure-reflection  meclunism.  The  second  mechanism  ^  in  lira 
approxiinaiion,  indnendeni  of  viscosity,  but  since  it  is  difficult  to 
separate  the  two  enects  they  are  usually  both  modelled  by  the 
viscosity-dependent  f|t-fonction  although  they  are  pro^y 
conelal^  only  for  the  viscosity  effects.  This  must  be  consideied 
a  pragmatic  approach  which  is  physically  not  very  sound  [12], 
but  a  proper  delineation  of  the  two  processes  is  possible  only  in 
the  context  of  a  Reynolds-stress-equation  model  where  the 
behaviour  of  the  notr^  floctuiting  component  and  its  danqnng 
are  stmulaieddirecdy  by  the  model 

Rom  the  high-Re  streis-eqnation  model  of  Gibson  and  Laundo’ 
[13]  qtpUed  to  a  local-eq^brium  shear  layer  follows  that  the 
shear_«rus  is  related  to  the  velocity  gradient,  by  -uv  = 
0.263v2yk2/le9U/^wliileh>w-Rek4  models  use -ov  .>vtdl)/3y 
with  Vt  horn  (1).  Thus  fp  -  2.92  ^/k,  if  the  formula  from  the 
Gibsao-Launder  model  is  aiqiUcaHe  to  the  low-Re  r^ion.  This 
lelatiooship  derived  by  Launder  [14]  is  compared  in  Fig.  I  with 
the  fp-dislribution  deduqs|  in  [8]  bom  omenmental  data,  oddng 
over  the  ban  for  Ibe  v^/k-dMa  from  [14].  This  comparison 
suggests  that  the  near-wall  danqiliu  expresaed  by  fu  is  mostiy 
due  to  the  ledncdoo  of  the  nonnil  fluctuations,  wnkS  is  mainly 
controlled  by  noo-viicous  wall  effects.  It  iheicfrrce  appears 
reasonable  to  cofteUte  fp  with  a  parameter  invdving  die  wall 
(Ustance,  e.g.  y*.  at  wu  done  in  the  more  recent  proposals  [10, 
11],  It  shoold  be  noted,  however,  that  y*  defined  in  the  usual 
way  via  the  frictian  velociiy  U.  it  nitable  only  for  attached 
flows.  Hg.  1  also  includes  the  fp-ditiribution  deduced  by 
Gilben  [13]  from  his  diiect  ilniuUtioo  of  channel  flow.  Ffait, 
however,  to  leiulii  for  the  product  fpcp  leproduced  in  Hg.  2 
are  coosidend  which  show  ito  ito  quand^  is  not  leaOy  ooottam 
auaide  the  viicotlR-affocted  legioo.  These  lesulls  do  however 
coirfiim  that  cp  •  0.09  In  the  region  of  local  equlUlirinm,  le. 
where  Pkft-  l.h  the  central  potdM  of  the  channel  where  Pkft 
decreases  towards  lero,  Cp  inoeaies  u  derived  already  by  Roth 
[iq  from  alfebaric  stress  modriUng. 


•  deduced  from 
experiments  (  8  ) 
—  from  direct 
simulotionilS) 
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Fig.  1 :  f^-function  in  low-Re  k-e  models 
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When  Cp  is  chosen  as  0.09  luid  the  actual  dissipation  rate  e  is 
taken  for  e  in  (1),  there  follows  the  fp-distribution  shown  in 
Fig.  1  from  Gilbm's  diicct  siimilation  which  is  in  surprising 
accord  with  the  distribution  deduced  by  Patel  ei  al.  [8]  from 
experimental  data.  As  e  has  a  Bnile  value  at  the  wall  fp  has  to 
increase  very  near  the  wall  where  it  behaves  as  fp  -  1/y  as 
pmnted  out  by  Chqxnan  and  Kuhn  [17].  The  data  also  follow 
this  trend,  and  Myong  and  Kasagi  [9]  have  actually  used  a  fp- 
frinction  in  their  k-c  model  which  exhibits  this  behavioar  while 
the  fp-frmetion  used  in  the  rather  popular  model  of  Lam  and 
Bnamhorst  [18]  goes  to  zero  at  the  wall.  On  the  other  hand,  when 
an  e  is  used  in  (1)  which  goes  to  zero  at  the  wall,  fo  behaves  as 
fp  -  y.  The  models  of  Nagano  and  Hishida.  NH  [TO],  and  Shih 
and  Mansoor,  SM  [  1 1],  follow  this  appnrach.  Their  strictly  y'*'- 
dependent  fp-functions  are  also  included  in  Fig.  1.  SM 
determined  their  functioo  with  the  aid  of  the  direct  simulation 
results  of  Kim  el  al  [19).  It  is  iheicfrire  not  suimsing  that  their 
fu-frinction  agrees  clo^  with  the  fp-curve  in  Fig.  1  which  was 
deduced  from  diiect  liinniation,  albeit  a  diffoient  one  [IS].  Very 
close  to  the  wall  agreement  is  also  good,  but  this  is  not  obvious 
from  Fig.  1  because,  as  was  memiooed  already,  different  e 
d^itions  have  been  used.  It  should  be  noted  here  that  SM  used 
ewe  only  in  (I)  but  solved  equation  (3)  for  e.  Also,  they 
eiiqrloyed  an  addiliaoalpressore-diffiaionnm  rathe  k-e  quadoo 
(2)  wMch  is  effoctive  v^  near  waUs. 

After  all  the  above  discussion  it  roust  be  said  that  the  exact 
distribution  of  fp  veiy  near  the  wall  has  litde  eflect  on  the 
pedictions  because  in  this  regioo  viscous  stresses  dominate  over 
tufbnlem  ones.  This  is  borne  ant  by  a  conqiaiitoa  of  kinetic 
energy  and  eddy-viicoiity  profiles  obtained  with  vaiioBi  model 
versions  for  chumel  flow  in  Fig.  3.  The  RmnnUs  auUber  of  the 
flow  was  rather  low  (3300  hosed  on  channel  half-wiiHi  and  mean 
velocity)  and  direct  simalatioa  resnlls  are  alao  available  for 
cnnpariioo  [19].  b  is  clear  from  Hg.  3  that  very  near  the  wall  the 
various  praiflcdonsar^lHmllydiittigBislirtile.  but  ftwher  away 
ifacie  are  tignifleam  dUTcieiioes  owing  the  dlfbawit  frmctioiii  aad 
adtfitional  lenm  mad  In  the  varkms  modeit.  For  example,  the 
Xnaes-Laander  [22]  model  nndeipiedfcli  the  peak  in  the  k- 


3*3 


distribution  and  also  gives  too  low  eddy  visoKity  a  intennediate 
wall  distances,  while  the  Lam^Brembm  [181  model  yic^s  too 
large  eddy  viscosities  towards  the  centre  of  the  channel. 
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Fig.  3:  Near-wall  kinedc  energy  (k)  and  eddy-viscosity  (V|) 
distributions  in  tow  Re  channel  flow,  from  [20] 


Although  conect  near-wall  and  low-Reynolds-number  behaviour 
of  a  nradel  is  an  important  feature,  it  does  not  necessarily 
guarantee  good  perfomiance  in  engineering  calculations.  In  these, 
one  of  the  most  important  parameters  to  be  calculated  is  the 
friction  coefficient  Cf,  and  Figs.  4a  and  b  show  respectively  how 
various  models  pafbini  in  calralating  this  coefficient  in  boundaiy 
layers  under  adverse  and  favourable  pressure  gradienis.  The 
calculations  shown  were  carried  out  by  Fujisawa  (25,  26J.  ft 
should  perhaps  be  mentioned  fust  that  all  models  succeed  in 
predicting  correctly  the  C(  behaviour  under  zero  ptessure-gradient 
conditions.  Fig.  4a  shows  that  all  low-Re  versions  of  the  k-e 
model  overptedict  the  friction  coefficient  under  adverse  ptessure- 
nadient  conditions.  This  behaviour  was  traced  by  Rodi  and 
Scheuerer  (23|  to  the  high-Re-form  of  the  e-^uatkm  (and  in 
particular  to  the  value  of  the  coefficient  Ctl  in  this  equation) 
employed  which  leads  to  a  too  steep  increase  of  the  turbulent 
length  scale  under  adverse  ptessure-gradient  conditions.  Fig.  4a 
also  includes  a  prediction  with  the  Notris-Reynolds  (24)  one- 
equation  model,  which  only  solves  an  equation  for  k  but  uses  the 
usual  linear  length-scale  piescriptkm.  It  can  be  seen  that  with  this 
length-scale  specification  the  friction-coeflicieni  distribution  in 
boundary  lam  with  adverse  pressure  gradieni  can  be  predicted 
concctly.  The  situation  is  quite  difretent  for  boundaiy  layers 
under  favourable  pressine  gradieni,  for  which  predictions  with 
varions  models  are  shbwn  in  Fig.  4b.  Here  the  Norris-Reynolds 
one-equarion  model  (without  any  modificalion)  performs  laiber 
poorly  while  the  Launder-Shanna  (LS)  and  Lam-Bremhorst  (L3) 
versions  of  the  k-e  model  do  fairly  well  On  the  other  hand,  the 
(3iien  (CH),  Myong  and  Kasagi  (toC)  and  Nanno  and  Hishida 
(NH)  models  also  oveipredict  Cf  coosideraUy.  Prom  these 
calculatioos  it  appears  that  the  low-Re  fiinctiont  in  the  latter 
models  are  not  very  suitable  for  favourable  pressure-gradieni 
conditions. 


a)  Adverse-ptessure-gradicnt  situation 
of  Samuel  and  Joubcrt  [30] 


b)  FavouraWe-pressuie-gradiem  situation 
of  Badri  Naiayaran  and  Ramjee  [31] 


Fig  4;  Friction  coefTicienl  in  boundary  layers  with  sircamwise 
pressure  gradient,  from  [25, 26]; 

NR  s  Norris-Reynolds  [24]  one-equation  model, 

LB  =  Lam-Bremborst  [Ig],  LS  =  Launder-Sharma  [36], 
CH  =  Chien  [21],  NH  =  Nagano-Hishida  [10], 

MK  =  Myong-Kasagi  [9]  low-Re-k-e  models, 

2L  =  two-layer  model. 


At  the  end  of  this  section  it  should  be  emphasized  once  more  that 
it  is  of  course  desirable  for  a  model  to  have  the  correct  near-wall 
behaviour,  but  also  that  the  details  of  this  behaviour  very  near  the 
wall  have  in  fact  little  influence  on  the  overall  model  perftxmam 
and  in  particular  on  the  mean-flow  quanlilies  of  engineering 
interest.  The  judgement  of  the  perfortnance  of  the  model  for 
enguieering  calcuUlions  can  only  be  based  on  lest  calculations  for 
as  wide  a  variety  of  flows  as  possible.  Further  substantiation  on 
this  point  will  be  made  in  the  section  on  transition  modelling 

2.2  Two-Laver  Models 

Low-Re  k-e  models  have  the  undesirable  feature  of  requiring 
very  high  numerical  resolution  near  the  wall,  and  it  was  shown 
above  that  they  perform  rather  poorly  in  adverse-pressure- 
gradient  boundaiy  layers.  Further,  the  damping  fiinctions  in  these 
models  were  develoM  for  attached  boundary  layers  and  are  not 
alsnys  well  behaved  in  separated  flows.  Hence,  in  order  to  save 
Bid  points  and  therefore  computing  time  and  also  to  iniraihice  the 
niily  well  established  length-scale  ditliibution  very  near  the  wall 
inta  the  model,  one  recent  trend  in  practical  calculations  is  to  use 
the  k-e  model  oidy  away  from  the  wall  and  K>  resolve  the  near¬ 
wall  viscosity-affeGied  layer  with  a  simpler  model  involving  a 
length-scale  prescription. 


At  the  Univenity  of  Rarlsnihe.  a  two-layer  model  is  under 
eaaminalion  which  uses  near  wans  the  one-eqnuian  model  due  10 
Ntxiis  and  Reynolds  [24]  because  this  has  been  found  toperfosm 
well  in  advcfse-prenuie-gndieoi  boundary  layen  [23].  This 
model  duundnes  the  eddy  viscosity  flam  the  telnaii: 
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v,  =  f„c^/k  L  with  f„  =  1-»«p(-aOI98R,^).R^=  (4) 

involving  the  duqting  fiinctiaa  fn.  In  Ihii,  the  panmeter  A'*'  is 
usually  giveo  a  value  of  2S  except  Rr  aooekniing  and  tnnaiiooal 
boundary  layen  as  described  below.  The  distribution  of  It  is 
obtained  ^  scdving  the  k-equadoo  (2).  The  dissipaiiott  nte  e 
appearing  in  diia  is  determined  fiom 


ftietka  coeflkieat.  The  two-layer-model  piedictioo  included  in 
Hg.  4b  for  the  favourable-pcessure-gtadient  case  shows  fairly 
go^  agreement  with  the  data.  It  should  be  mentioned,  however, 
that  this  good  p^onnance  could  be  achieved  only  by  malting  the 
parameter  A'*'  in  the  damping  function  f^  (4)  a  fimetion  of  the 
pressure  gradient  as  recommended  by  Oawftad  and  Kays  (27): 

A*.25(30.175  P'*  ’ )  .  P*  •  ^  (6) 


c 


(5) 


which  also  involves  a  viscosity  influence.  The  length  scale  L  is 
assumed  proportional  to  the  wall  distance  y  in  the  near-wall  layer 
to  which  the  applicadon  of  this  model  is  testricted.  The  model  is 
matched  with  the  high-Re  k-e  model  at  a  locadoo  uhere  either  the 
damping  function  f|s  or  the  lado  of  turbulent  to  lamittar  viscosity, 
Vf/V,  has  a  prescribed  value  (e.g.  f^  =  0.9S  or  V|/v  =  36)  ensuring 
tniu  the  matching  takes  place  in  a  region  where  viscosity  effects 
are  small. 

The  model  was  tested  by  Fujisawa  et  al.  [26]  for  various 
boundary-layer  flows.  For  a  boundary  layer  with  zero  pressure 
gradient,  the  mean-flow  behaviour  was  predicted  in  good 
agreement  with  expetintental  data  and  so  was  the  shear-stress 
distribution,  but  the  pr^icted  near-wall  peak  in  k  is  too  low 
(similar  to  that  in  Fig.  3  for  the  Jones-Launder  model). 
Prediedons  of  the  friction  coefficient  for  boundary  layers  with 
adverse  and  favourable  pressure  nadients  are  includol  in  lugs. 
4a  and  b,  respeedvely.  The  drsi  ngure  shows  that  the  two-layer 
model  is  only  slighdy  better  than  the  k-e  model  under  adverse- 
pressure-gradieni  condidons;  here  it  is  again  the  e-equadon  used 
in  the  outer  part  of  the  boundary  layer  which  yields  too  high  a 
length  scale  and  in  turn  also  too  high  a  turbulent  shear  stress  and 


A  constant  value  of  A'*'  =  25  was  adopted  for  zero  and  adverse- 
pressure-gradient  boundary  layers  and  is  also  used  for  the 
separated  flow  calculations  reported  below. 

Cordes  [28]  tested  the  two-layer  model  for  the  flow  over  a 
backward-facing  step  as  studied  experimentally  in  [29].  Fig.  S 
compares  his  cidculiuions  obtained  with  this  model  ^  with  the 
standard  k-e  model  employmg  wall  functuns  with  measurements. 
The  two-layer  model  presets  the  reattachment  length  in  much 
better  agreement  with  the  experiments  and  also  produces  a  small 
second  corner  eddy  which  is  absent  in  the  calculation  with  the 
standard  k-e  model.  Also,  the  velocity  and  shear-stress 
distributions  improve  and  are  in  gene^y  good  accord  with  the 
H«t«  Fig.  6  shows  similar  test  calculations  performed  Biihsle 
[32]  for  the  flow  over  a  T-configutatioo  as  studied  experimouaUy 
by  Jaroch  and  Fcraholz  [33.  34].  Although  these  authors  point 
out  the  basically  three-dimensional  nature  of  the  flow  in  their 
experiment,  a  two-dimensional  calculation  was  performed  for  the 
fltm  in  the  symmetry  plane.  It  can  be  seen  bom  Fig.  6  that  again 
the  two-layer  model  predicts  the  teattachment  length  in  much 
better  agreement  with  measurements  than  the  standard  k-e  model 
enqdoying  wall  fonctioos.  On  the  other  hand,  the  velocity  profiles 
indicate  that  die  separation  zone  is  predicted  too  thin  1^  both 
models.  This  then  leads  to  a  shift  in  the  shear-stress  distribution 
towards  the  wall.  It  can  further  be  seen  that  the  shear-stress  level 
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a)  Calculated  streamlines  in  separation  region 
X/H  =  40  X/H  =  50 


X.'H  =  12  0 


ie'  18*  in’  18*  18" 
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18*  18*  18*  1^  18’  18*  18*  ir  18* 


Flow  over  backward-facing  Step  with  aspect  ratio  of  1 . 1 25 

—  Calciilarioni  with  2-layer  model  [28], 

—  Cilculaiians  with  standard  k-e  model  [28],  0  experiments  [29] 


Fig.  5: 
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X/HF- 11.00  X/HF.  27.75  X/HF- 45.75 


X/HF.  11.00  XA1F=27.75  X/HF  =  45.75 
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c)  Velocily  (U)  and  shear  stress  (uv)  profiles 


Fig.  6:  Flow  overT-configuration;  —  Calculadons  with  2-layeT  model  [32], 

—  Calculations  with  standard  k-E  model  [32],  0  experiments  |33) 


is  underptedicted,  and  it  is  not  entirely  clear  at  present  whether 
the  higher  shear  stress  in  the  experiments  is  associated  with  the 
basically  three-dimensional  nature  of  the  flow.  However,  for 
practical  purpo^  the  overall  features  of  the  flow  are  fairly 
reasonably  predicted  by  the  two-layer  model.  Further  testing  of 
the  two-layer  model  is  in  progress,  also  in  three-dimensional 
situations. 

2.3  Transition  Modelline 


Sharma  [36]  model,  which  is  a  successor  to  the  Jones-Launder 
[22]  model,  was  found  to  be  less  sensitive,  but  there  is  still  some 
influence  of  the  ai-value  on  the  transition  location.  For  boundary 
layers  with  zero  pressure  gradient,  the  usual  value  of  the  structure 
parameter,  al  =  0.3,  was  found  to  give  the  correct  transition 
location.  The  models  of  Chien  [21]  and  Myong  and  Kasagi  [9] 
were  found  to  be  insensitive  to  the  t^ue  of  al ,  but  transition  was 
predicted  by  these  models  to  occur  consider^ly  too  early  when 
compared  with  the  daa  of  Abu  Ghannam  [37]  for  Tu  =  1 .9%. 


For  the  prediction  of  laminar-turbulent  transition  occurring  for 
example  on  airfoils  and  turbine  blades,  the  use  of  a  low- 
Reynolds-nuraber  model  is  an  absolute  necessity.  With  k-e-type 
models,  natural  transition  occurring  at  low  fiee-stteam  turbulence 
levels  (say  below  1%)  via  Tolltnien-Schlichting  waves  cannot  be 
simulated  but  requites  artifical  triggering.  At  ftigher  fiee-stteam 
turbulence  levels,  which  ate  common  in  turbomachitiety  flows, 
transition  occurs  in  a  bypass  situation  due  to  the  turbulent  fiee- 
stream  disturbances.  This  mechanism  can  be  simulated  by  k-E- 
type  models  which  miiiiick  the  difluskm  of  fiee-stieam  turbuieiKe 
into  the  laminar  bounrtory  layer.  However,  in  order  to  start  the 
boundary-layer  calculations  near  the  leading  edge,  initial  k-  and  e- 
profUes  must  be  specified  in  the  laminar  boundary  layer,  and 
some  low-Re-versions  of  the  k-e  model  have  been  found  to  be 
sensitive  to  this  specification.  Usually,  the  kinetic-energy 
distribution  is  related  to  the  velocity  distribution  by 

kfte-(UAJe)2  (7) 

where  "e”  relates  to  values  in  the  free  stream.  The  e-dtscributkm  is 
expPMsed  by  the  following  equilibrium  approximation: 


For  transition  calculations  with  the  two-layer  model  described  in 
2.2,  the  parameter  occurring  in  the  damping  function  in 
equation  (4)  is  made  a  function  of  the  boundary>layer  state.  In 
laminar  boundary  layers,  a  large  value  is  chosen  for  A*^  (here 
300)  so  that  a  sd^  Vt  results,  and  for  fully  turbulent  boundary 
layers  A***  is  made  a  function  of  the  pcessure  gradient  according  to 
(6),  with  a  value  of  25  for  zero  and  adverse  pressure  gradients,  as 
was  described  alx>ve.  In  the  region  of  laminar  to  turbulent 
transition.  A***  is  assumed  to  vary  between  these  two  limiting 
values  acco  ling  to  the  following  fonnula 

A*.A;<300-A;)(l-sin(-5'5St^))*  (9) 

which  is  ipplied  whenever  the  local  momentum  thickness 
Reynolds  number  Refi  is  larger  than  the  critical  transition 
Reynolds  number  Reir  Iw  is  smaller  than  twice  this  number.  For 
the  critical  Reynolds  number,  the  following  empirical  dependence 
on  fiee-siream  turbulence  level  and  pressure  gradient  diK  to  Abu 
Ghannam  and  Shaw  [38]  is  taken: 


e>a|kdU/9y  (8) 

where  ai  is  an  empirical  strocture  parameter  (•  -iivA)  for  ivhich 
Rodi  and  Scheuerer  [35]  proposed  a  correlation  with  the  fiee- 
stream  tutbulence  levd  Tn  for  use  in  the  Latn-Bretnhorst  model. 
Fujisawa  (25)  examined  the  sentitivira  of  various  low-Re  k-e 
model  versions  to  the  coefficient  a]  and  hence  to  the  prescription 
of  the  initial  e-profile.  He  found  dw  the  Lam-Btemhoist  model  is 
most  KBSilive,  which  was  the  leason  for  Rodi  and  Scheuerer  to 
introduce  the  above  mentioned  function  for  ai.  The  Launder- 


11«.-163-I-«p(f(A,)-^I^^)  (10) 

(6.91  4-  12.7SX,  +  t3.64A;  A,  <  0 

A, - ^ 

6.914- 2.«8A,-12aTA{  A,  >  0  Ft 

where  9  is  the  momentum  thickness. 
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a)  Zero  pressure  gradient,  Tu  =  1.9%  b)  Favourable  pressure  gradient,  Tu  =  3.5  %  c)  Adverse  pressure  gradient,  Tu  =  1,8  % 

Fig.  7:  Shape  factor  H  in  transitional  boundary  layers,fton)  [25, 26],  •  experiments  |37], 

key  to  model  see  Fig.  4 


Fujisawa  (25,  26]  has  tested  the  ability  of  the  Lam-Bremhorst 
(LB)  model,  the  Launder-Sharma  (LS)  model  and  the  two-layer 
(2L)  model  described  above  for  calculating  the  transition  of 
boundary  layers.  For  the  LS  model  he  used  a  constant  value  of  a) 
=  0.3  in  (8),  while  for  the  LB-model  calculations  he  used  the  Tu- 
dependent  correlation  of  Rodi  and  Scheuerer  [35].  For  Ixrundary 
layers  with  zero  pressure  gradient  as  studied  experimentally  by 
Abu  Ghannam  [37],  Fujisawa  found  that  at  Tu  =  1 .2%,  the  LB 
model  produced  no  transition  while  the  LS  model  predicted 
transition  correctly.  When  the  turbulence  level  is  increased,  both 
models  lead  to  transition  but  at  intermediate  Tu-levels  the  LB 
model  produces  late  transition  while  the  LS  model  predicts  the 
correct  location.  At  higher  Tu-levels  (3.3%  in  the  calculation 
example)  both  models  yield  roughly  the  same  results  and  the 
correct  transition  behaviour.  For  die  intetrtrediate  turbulence  level 
the  results  for  the  shape  factor  ate  given  in  Fig.  7a.  Similar 
conclusions  can  also  be  drawn  ftrxn  heat  transfer  calculations. 
Fig.  8a  presents  the  variation  of  the  Stanton  number  predicted 
with  various  models  for  boundary  layers  with  zero  pressure 
gtadient  and  various  free-siream  tinbulence  levels  and  provides 
cotstparisoits  with  the  data  of  Blair  and  Wetie  [39).  At  the  lowest 
turbulence  level  (1 .3%),  the  LB  model  predicts  transition  too  late 
and  the  LS  model  sli^tly  too  early  while  the  two-layer  model 
yields  very  good  agreetttent  rvith  the  data.  When  the  turbulence 
level  is  tais^  to  2.5%,  transition  moves  forward  attd  is  predicted 
fairly  well  by  all  three  models.  For  the  higher  turbulence  levels 
(6J%  and  7.5%)  transition  occutred  before  the  first  measurement 
sution  in  the  unheated-wall  part  very  close  to  the  leading  edge. 
This  very  early  tnnsitian  is  predicted  by  all  the  luodels. 

Fig.  7b  compares  predicted  shape  factors  with  the  measurements 
of  Abu  Ghannam  [37]  for  a  boundary  la^er  with  mild  favourable 
pressure  gradient  and  Tu  >  3.5%.  In  this  case,  both  the  LB  and 
the  LS  model  yield  a  satisfactory  prediction  of  transition. 
However,  for  a  strongly  accelerated  boimdary  layer,  for  which 
the  distribution  of  the  Stanton  number  is  given  in  Hg.  8b,  the 
situation  is  differenL  Here  the  strong  acceleration  at  tno^i  iree- 
stream  turbulence  level  (2.1%)  causa  a  delay  in  the  onset  of 
transition  and  alao  transition  to  take  place  ova  a  laipr  distance 
than  in  the  zeroptessure-gradieM  case  (see  Fig.  8a).  Both  the  LB 
and  the  LS  model  predict  tranaitioo  »  ooca  too  early  and  too 
abruptly  and  only  the  two-laya  model  appm  to  do  junoe  to  the 
observed  transition  process.  Finally,  in  Fig.  7c  the  shape  factor 
variation  fa  a  situation  with  advene  pressuie  gradient  and  Tu - 
1.8%  is  shown.  Here,  all  three  models  do  a  furiy  good  job,  but 
the  two-laya  model  piedicts  a  genda  transition  which  is  closa  to 
the  obserm  behavioa. 


From  the  lest  calculations  catried  out  so  fv,  it  appesrs  that  the 
Launda-Sharma  model  is  somewhat  superia  to  the  Lam- 
Bremhorst  model  with  regard  to  transitioo  simulation  and  it  hu 
the  advantan  that  it  is  coosidenbly  less  sensitive  to  the 
prescribed  imtial  e  profile  in  the  lamimrbtmndaty  laya.  The  two- 
laya  model,  which  involva  an  empitical  transTdon  correlation, 
appears  also  very  pmnising  and  is  presently  tated  unda 
unsteady  conditions  fa  boundary  layers  on  turbine  Mada 
subjected  to  pasting  waka  genenied  by  the  precediag  blade  row 


Fig.  8:  Soman  numba  St  in  transitional  boundary  layers, 
from  [25, 26],  key  to  models  see  Fig.  4 


3.  REYNOLDS-STRESS-EQUATIONMC»ELLING 

Due  to  increased  computing  powa  and  improved  numerical 
teebniqua,  models  etnolovina  transport  equations  fa  the 
individual  Reynolds  stresses  uiuj  have  recently  undergone 
extensive  testing  and  ate  now  appliU  also  to  telativeW  coriplex 
flow  situations  involving  tecuculation  and  to  3D  flows. 
CoiuidetaUe  eqietieooe  is  now  available  with  these  models,  and 
this  hu  been  sutnmarised  in  vatiou  review  articles.  e.g.  [42, 
43).  So  te,  all  the  appikations  report^  fbr  practically  relevam 
fltm  have  been  oraned  with  relatively  siiule  versiau  of 
sttess-aqaatiaa  models  develooed  more  than  Kj  yean  ago  [44, 
13).  The  model  equation  fa  uiuj  used  moM  bequendy  (and  also 
in  tic  ipplicalion  exampks  gb^  below)  is  the  nilowing: 
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so-called  rapid  pan  of  the  pressure-strain  term  is  sinnilated  with 
the  analogous  isotiopatian  of  producdon  model.  Near  walls,  die 
damping  the  notmal  fluctuaooas  due  ID  the  presence  of  the  wall 
is  accounted  by  an  extra  surface  correction  to  the  pressure-strain 
model  e.g.  the  one  due  to  Gibson  and  Launder  [13].  Fuither,  the 
near-wall  region  is  either  bridged  by  using  wall  functions  or  is 
resolved  with  the  aid  of  simpler  near-w^  models  (two-layer 
approach  discussed  above). 


Oij  =  prcliun-scraiji 


(11) 


3.1 


which,  together  with  a  model  equation  for  determining  the 
dissipation  rate  e,  is  model  2  of  Launder,  Reece  and  Rodi  [44]. 
Local  isotropy  of  the  turbulence  was  assumed  to  model  the 
dissiptuion  rate  of  the  individual  stress  components  uiuj  and  the 
diffusive  transport  of  uluj  is  simulated  by  a  simple  gradient 
diffusion  modeL  The  return  to  isotropy  pan  of  the  pressure-strain 
mechanism  is  simulated  with  Rotta's  linear  model  assuming  this 
pan  to  be  proportional  to  the  anisotropy  of  the  turbulence.  The 


In  their  review  papers  on  second-moment-closure  modelling. 
Launder  [42]  and  L^hziner  [43]  provide  a  number  of  calculation 
examples  where  the  use  of  a  Reynolds-stress-equation  model 
leads  to  markedly  impnrved  predictions  compai^  with  those 
obtained  with  the  k-e  model.  Among  the  exauqrln  are  die  flow 
dimgh  an  axisymmetric  annular  diAsor  invdving  two  bends 
wi*  strong  curvature  effects,  rotating  channel  (low,  strongly 
swirling  flows  with  separation  (coaxial  swirling  jets  in  a  pipe). 


a)  Geometty  and  velocity  field  predicted  with  RSE  model 


b)  Variation  of  centre-line  velocity 


i/DC  »  .135  .270  .48*  .621  .824  .959  1.094  1.364  i/DQ .  .135  .270  .486  .621  .824  .959  1.094  1,364 


. RSE.  Hybrid 

-  RSE,  QUICK 


k-e.  Hybrid 
k-e,  QUICK 


Fig.  9;  3D  flow  in  combustor  model,  tines  are  calculations  [46],  o  experiments  [43] 
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flow  in  a  plenum  chamber  and  flow  around  a  squaie-aectianed  U- 
bend.  Reynolds-stress-equation  models  are  now  used 
increasingly  for  solving  more  complex  flows,  which  will  be 
demonstrated  in  the  fmlowing  by  providing  two  calculation 
examples. 

The  first  example  concerns  the  very  complex  three-dimensiofial 
flow  in  a  combustor,  which  was  studied  experitnentally  under 
isothermal  conditions  by  Koutmos  (4SI.  A  swirling  jet  with 
teladvel}'  small  flow  rate  enters  the  combustor  at  the  left  and 
dilution  jets  fiom  two  tows  of  holes  (introducing  83%  of  die  total 
flow  rate)  enter  radially.  Lin  (461  carried  out  calculations  for  this 
flow  using  both  the  b^c  RSE  and  the  k-e  model  and  also  both 
the  hybrid  central/upwind  differencing  scheme  and  the  more 
accurate  QUICK  scheme.  Because  of  pcnodicity,  the  calculations 
could  be  restricted  to  a  60"  segment  as  shown  in  Fig.  9a,  and  this 
figure  also  gives  an  indication  of  the  boundary-fitted  grid  used 
and  the  very  complex  flow  evolving  in  this  situation.  Fig.  9b 
compos  calculated  and  measured  ^stributions  of  the  centre-line 
velocity.  The  fiurly  large  negative  velocity  value  indicated  by  one 
measurement  point  at  x/D  •  0.3  is  not  reproduced  by  the  k-e 
model;  with  the  RSE  model  such  large  negative  velocities  can  be 
obtain^  but  only  when  the  numerically  more  accurate  QUICK 
scheme  is  used.  Fig.  9c  shows  the  development  of  the  axial 
velocity  profiles.  Altogether  the  agreement  of  both  models  with 
experiments  is  only  modest,  but  the  flow  behaviour  predicted  by 
the  RSE  model  is  somewhat  closer  to  reality. 

The  next  example  has  a  simple  geometry  but  the  flow  is  very 
complex  due  to  its  unsteady  nature  involving  periodic  vortex 
shedding.  As  the  latter  motion  is  not  turbulence,  it  cannot  be 
simulated  by  turbulence  models  and  the  flow  cannot  be  calculated 
by  solving  time-averaged  equations  but  only  by  resolving  the 
periodic  shedding  motion  in  an  unsteady  calculation.  For  this 
purpose,  equations  for  ensemble-averaged  quantities  need  to  be 
solved;  in  these  ensemble-averaged  stresses  appear  which  need  to 
be  simulated  by  a  turbulence  m^el.  For  the  flow  around  a  square 
cylinder  at  Re  =  22000,  Ftanke  [47]  performed  calculations  with 
the  k-e  model  and  the  basic  RSE  model,  in  both  cases  with  wall 
functions  as  well  as  with  the  one-equation  Norris-Reynolds 
model  f24j  for  resolving  the  viscous  sublayer.  In  the  calculation 
using  the  k-e  model  and  wall  functions,  a  steady  solution  resulted 
and  no  vortex  shedding  was  obtained.  In  the  calculations  with 
the  other  three  model  variants,  unsteady  motion  with  periodic 


vonex  shedding  was  obtained,  and  a  sequence  of  streamlines 
covering  approximately  one  period  is  shown  in  Hg.  lOa.  Values 
of  the  dtmrasiooless  shedding  flcquoicies  (Stroul^  number  St) 
and  time-averged  drag  coeCHcients  cd  are  cotrqtared  in  Table  1 
with  experimental  values.  The  k-e  model  yields  too  low  values 
for  both  Strouhal  number  and  dreg  coefficient,  while  the  two- 
layer  RSE  model  produces  too  high  values;  the  RSE  modd  with 
wall  functions  yields  results  in  closest  agreement  with  the 
measurements,  at  least  as  far  the  parameters  St  and  cd  are 


Table  1  Global  parameters  for  vortex-shedding  flow  past 
_ square  ^linder  [47] _ 


St 

4 

2  layer  k-E  model 

.124 

1.79 

1 

RSE  model  with  wall  functions 

.136 

2.15 

§ 

2  layer  RSE  model 

.159 

2.43 

Expenments 

.135.139 

2.05-2.23 

concerned.  Fig.  10b  displays  the  distribution  of  the  time-averaged 
velocity  along  the  centre-line.  It  is  clear  bom  this  figure  that  the 
k-e  model  pr^uces  too  long  a  separation  region.  This  indicates 
that  the  model  generates  not  enough  mixing  and  hence  not  enough 
momentum  exchange  due  to  the  unsteady  votlex  shedding  which 
is  too  weak  in  these  calculations.  The  RSE  model  calculations 
yield  too  short  a  separation  zone  and  hence  this  model  seems  to 
generate  too  much  vortex-shedding  motion.  This  finding  is 
supported  by  the  distiihution  of  the  total  (periodic  plus  nirbulent) 
fluctuating  energy  along  the  centre-line  shown  in  Hg.  10c.  The 
RSE  calculations  apee  fairly  well  with  the  measurements,  ^t  the 
mrbulent  contribution  of  the  total  energy  (not  shown  here)  is 
underpredicted  so  that  the  periodic  connihution  must  be  too  la^. 
On  the  other  hand,  the  k-c  model  grossly  underpredicts  tiie 
fluctuation  level  behind  the  cylinder.  In  front  of  the  cylinder, 
however,  the  k-e  model  leads  to  unnaturally  high  nirbulent 
fluctuations.  This  problem  with  the  k-e  model  in  stagnation  flows 
is  now  well  known  and  can  be  traced  to  the  fact  that  the  turbulent 
energy  production  in  this  flow  is  due  to  normal  stresses  (not 
shear  stresses)  and  these  cannot  be  simulated  correctly  with  an 


a)  Stieamlines  calculated  with  RSE  model  and  wall  functions  for  phases 
t/T  =  i/20.  5/20,  9/20,  13/20, 17/20 


b)  Distribution  of  tiroe-aveiaged  velocity  Bid  local  kinelic  energy  of  fluctuations  Periodic -fonbulem) 

alongcentreline.  (Calculations  [47];— 2  layer  k-e  naodeL — RSE  modd  with  wall  functions. 
!  —  2  layer  RSE  model;  experiment;  o  Lyn  [4]  Re  -  22000,  x  Diitaoetal.  [49]Re- 14000 

Hg.  10;  Vonex-sheddini  flow  past  a  square  cylinder;  calculations  [47]  are  for  Re -22000 
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isotropic  ed^-viscosity  model,  leiding  to  excessive  energy 
productioii.  This  problem  does  not  arise  when  an  RSE  model  is 
used.  Ovenll,  the  RSE  model  leads  to  significandy  inqnoved 
predictioas  for  vonex-shedding  flows  compared  with  the  k.e 
model  predictions  because  it  can  accoont  for  the  anisotropy, 
histosy  and  ttanspoit  effects  which  are  imponam  in  these  flows. 


3.2  Advanced  Revnolds.Siiess-Eniiatinn  Modeh 

The  model  approximatioiis  that  have  entered  the  Reynolds-slress- 
equation  (U)  are  fairly  simple  and  do  not  satisfy  certain 
throretical  constrains  such  as  the  realisaMlity  conditions  doe  to 
Schumann  [SO],  and  they  are  also  not  comparihle  with  the  limiting 
two-dimensional  behaviour  of  turbulence  very  near  walls.  Hence, 
considetaHe  effort  has  gone  into  the  development  of  imprrwed 
models.  Launder  [42]  hu  recendy  given  a  summary  on  these 
developments.  Here  only  the  main  tre^  ate  briefly  oudined. 

Moss  important  is  the  modelling  of  the  pressure-strain  term  in  the 
Reynolds-stress-eqnation,  and  hence  most  research  effort  has 
gone  into  this  modelling,  with  the  return  to  isotropy  part  jhij.t, 
and  the  rapid  pan  being  treated  separably.  Rotta's  linear 
model  fordij,l  (given  m  equation  1 1)  has  the  incorrect  behaviour 
that  bu,)  does  not  vanish  in  2D  turbulence  as  it  should.  This  was 
tememed  by  introducing  more  elaborate  farms  involving  second 
and  thin  invariants  of  the  anisiropy  tensor  atj  =  (uiuiA:  -  2/3Sij), 
sec  e.g.  [42].  The  isotropadon  of  producdon  model  for  the  tapul 
pan  ^ij.2  given  in  equadon  (11)  is  also  incompadble  with  2D 
turbulence  and  shows  an  incorrect  tespoi^  in  homopneous 
shear  layers  to  the  variadon  of  the  rado  of  p^ucdon  to 
dissipation  of  Idnedc  energy,  f\/e.  Also  for  this  pan  more 
elaborate  models  have  been  proposed  [42,  S2],  involving 
quadradc  and  cubic  terms.  The  more  refined  pressure-strain 
models  were  tested  for  reladvely  simple  shear  layers  and  were 
found  superior  to  the  model  oven  in  (1 1),  but  further  tesdng  of 
the  somewhat  complex  moden  is  certify  necessary  before  their 
general  validity  can  he  esiabhshed. 

The  assumption  of  local  isotropy  leading  to  the  dissqtadoo  model 
in  (1 1)  is  also  not  conmadUc  with  2D  turbulence.  Hence,  more 
eiaborase  lelariafis  for  the  dissipation  rate  of  the  indiviihiai  stress 
components  near  walls  were  proposed,  e.g.  in  [S3].  More 
eiabmate  diffusioo  models  have  also  been  suggested  in  the 
literature,  but  in  his  review  paper  Launder  [42]  argues  that  in 
general  their  use  is  not  really  warranted,  if  only  because  the 
weaknesses  of  model  prediedons  can  seldom  be  traced  to 
weaknesses  of  the  diffdsion  model. 

In  the  prKdcal  applications  of  standard  RSE  models  such  as  the 
one  given  by  eq.  (11),  the  near-wall  layer  was  not  resolved  and 
the  dainping  of  the  normal  fluctuadoas  was  accounted  for  by  wall 
cotreedans  to  the  pressue-strain  modd.  The  new,  mote  cmnplex 
pressate-sttain  models  just  discusied,  which  ate  consistent  with 
the  limiting  2D  behaviour  of  tutboknoe  at  the  waU,  should  help  to 
simulate  thit  damping  effect  However,  experience  gained  with 
these  models  so  far  [42]  indicates  that  the  use  of  these  models 
alone  seems  not  suffident  and  that  wall-cotrecdon  terms, 
althongh  reduced  in  magiriludr,  may  tdll  be  necessary.  In  some 
near-wall  RSE  ttudels  srinch  aigteaied  in  the  literature,  viscosity- 
dependent  funedons  were  introduced  to  sittnilate  the  damping 
effect  which  appean  to  be  mainly  a  pressure-reOecdoo  effect  and 
is  thnefore  not  really  affected  by  viscosiiy.  Hotvever,  some 
influenoeaf  viscosity  traiy  have  to  be  brought  ia  Work  on  near¬ 
wall  RSE  modelling  is  in  progress  as  vatioas  research  institutiens 
(e.g.  at  UMIST,  Manenester,  Ariaona  State  University  anid 
Stanford  University  /  NASA  Ames),  but  it  is  fair  to  say  that  at 
present  no  thoroughly  tested  near-wall  RSE  model  is  available. 


4.  CONCLUSKWS  AND  OUTLOOK 

Simple  tutboleace  models  ittvolvin|  no  differential  equadont  or 
only  an  ordinaty  diffeteadal  equadon  for  the  maximum  shear 
stress  win  continae  to  be  used  m  main  practical  calculations, 
emecially  for  external  aerodynamic  flows,  and  they  will  be 
refined  findier.  The  k-c  model  will  also  oondnue  for  some  time  to 
play  a  key  role  in  engineering  calculadons,  and  most  of  these 
caiculatioM  win  be  earned  out  with  wall  fimetians  for  many  years 
to  come.  However,  near-waH  models  wiU  be  used  increasing  to 
replace  the  waU  functions,  at  least  in  incompressible  flov^  A 
fnriy  large  variety  of  diffeiem  low-Reynolds-number  k-c  models 


is  now  available,  and  the  most  recendy  developed  ones  show  the 
correct  near-waU  behaviour  as  demonmKd  by  comparison  with 
dhect  sunuladondata.  However,  the  various  model  versiaos  were 
tesi^  nxunly  for  riiiqile  bomulary  layers  and  their  prediedve 
ability,  inclu^g  that  for  transidan,  has  yet  to  be  established  for  a 
wider  range  of  flow^  especially  for  the  newly  proposed  models. 
As  ^  various  dainping  functions  in  the  low-Re  k-e  models  were 
designed  for  use  in  boundtuy  layers,  the  performance  of  these 
models  in  separated  flows  is  not  cletu  and  has  to  be  examined 
before  the  niodelt  can  also  be  used  with  some  confidence  for 
these  flows.  For  both  boundary  layers  and  2D  separated  flows, 
encouraging  results  were  obtained  with  a  two-layer  modeL  which 
employs  the  k-e  model  only  in  the  outer  part  of  the  flow  but 
resdves  the  near-wall  regioa  with  a  one-equadoo  model.  This 
model  also  needs  further  tesdng,  in  pa^cular  for  three- 
dimensional  simations.  Here  the  question  arises  whether  the 
computer  resources  available  now  and  in  the  near  future  arc 
sufficient  for  resolving  the  viscous  sublayer  with  such  a  model 
also  in  3D  situations. 

Rcynolds-soess-equadon  models  will  be  used  mote  and  more  for 
practical  calculations  in  place  of  the  k-e  model,  particularly  for 
situations  with  complex  strain  fields  and  special  effects  on 
turbulence  like  due  to  streamline  curvature,  rotation  etc..  Slowly, 
the  more  refined  of  the  RSE  models  will  come  to  be  used,  but 
considerable  testing  is  still  necessary  before  these  models  are 
ready  for  practical  application;  the  same  is  true  also  for  near-wall 
RSE  models.  The  importance  of  direct  numerical  simulation  data 
for  testing  the  turbulroce  models  and  as  basis  for  the  devdopment 
of  new  tnodel  assumptions  will  increase  dramatically.  However, 
as  the  Reynolds  numbers  possible  in  direct  numerical  simulations 
will  go  up  only  slowly,  the  resulting  dam  will  be  tesoteted  to 
fairly  low  Reytiolds  nurnben  and  die  main  impact  will  remain  in 
the  area  of  near-wall  modelling.  For  high  Reynolds  numbers, 
perhaps  results  from  large-eddy  simulatiaiis  can  be  exploited  in  a 
similar  way,  but  these  simulations  are  of  course  themselves 
dependent  on  model  assumptions  entering  the  subgrid-scale 
model,  and  sometimes  they  may  rather  be  used  directly  as  a 
predictive  tool;  in  conqrlex  flow  siutatiou  where  the  structure  of 
turbulence  is  important  or  3D  time-dependesa  calculations  have  to 
be  carried  out  anyway,  largeeddy  orvery-large-eddy  simulations 
are  likely  to  become  the  methods  lo  be  used  m  a  few  years '  time 
[34].  However,  in  many  application  areas,  conventional 
nubulence  models  will  still  be  u^  and  needed  for  many  years  to 
come. 
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Introduction: 

The  present  work  has  been  prepared  for  presentation  in  the  Technical  Status  Review  on 
'Appraisal  of  the  Suitability  of  Turbulence  Models  in  Flow  Calculations',  orqanized  by  the 
Fluid  Dynaaics  Panel  of  AGARD  (Friedrichshafen,  April  26,  1990).  Its  objective  is  to  review 
the  stats  of  developawnt  of  turbulent  Models  currently  saployed  in  the  conputation  of 
turbulent  free  convection  flows  alonq  heated  plane  surfaces.  In  this  context  sosw 
experijaental  results  recently  obtained  in  the  Laboratory  of  Applied  Thermodynanics , 
University  of  Patras,  are  also  cosipared  with  corresponding  computations  in  which  existing 
turbulence  models  were  used. 

Although  free  convection  flows  such  as  plumes,  buoyant  jets,  thermals  and  those 
originated  fm  heated  surfaces,  find  wide  application  in  various  fields  of  science  and 
technology  Including  aeronautics,  the  understanding  of  turbulence  transport  processes  in 
these  cases  is  lagging  behind  as  cosgiared  to  other  flows.  This  is  generally  due  to  the 
currently  existing  lack  of  sufficient  knowledge  regarding  the  effects  of  buoyancy  on  the 
turbulence  structure  of  these  flows  and  also  its  participation  and  role  in  the  corresponding 
transport  processes.  The  reasons  causing  this  inadequacy  of  necessary  information  will  be 
discussed  in  the  following.  As  a  consequence,  in  computing  buoyancy  induced  flows,  turbulent 
transport  models  are  adopted  from  forced  convection  or  ordinary  flows,  mostly  in  modified 
fonas. 

By  reviewing  the  existing  experimental  evidence  and  computational  methods  currently 
in  use  for  predicting  the  simple  case  of  free  convection  turbulent  flow  along  heated  planes, 
it  becomes  possible  to  appreciate  the  difficulties  presented  in  developing  turbulence  models 
for  buoyaiKsy  driven  flows.  It  also  becomes  possible  to  identify  the  sources  of  existing 
problems  and  limitations  and  finally,  to  suggest  a  course  for  future  research  activities 
in  this  particular  area. 

Host  of  the  reported  in  the  literature  experimental  and  computational  work  on  turbulent 
free  convection,  refers  to  Grashof  or  Rayleigh  numbers  corresponding  to  fully  developed 
turbulent  flow  conditions.  However,  apart  from  the  fact  that  both  transitional  and  non-fully 
developed  turbulence  states  are  important  on  their  otm  merits,  their  closer  investigation 
might  substantially  help  in  improving  free  convection  computational  schemes.  The  study  of 
these  states  of  flow  development  could  for  instance  result  to  the  selection  of  more 
representative  initial  conditions  and/or  a  more  effective  method  for  introducing  turbulence 
action  in  the  c<mvutationa .  More  important,  conditions  prsvalling  in  these  states  is  known 
to  affect  the  physical  processes  occurring  in  the  following  state  of  fully  developed 
turbulence.  The  combined  uperimental  aiKl  computational  effort  in  the  region  of  Grashof 
numbers  between  lO’  and  10 presented  in  this  work  alms  at  exploring  some  of  the  above 
mention  . J  p  '■ssibilities . 


Turbulence  Models  for  Free  Convection  Flow  Along  a  Vertical  Heated  Plane: 

The  problem  of  turbulent  free  convection  along  a  vertical  heated  wall,  has  been  the 
subject  of  investigation  for  the  past  several  decades.  Numerous  experiments  have  been 
reported  in  the  literature  (1-14),  the  majority  of  which  has  been  limited  to  measurements 
of  overall  and  local  heat  transfer  coefficients  and  mean  temperature  distributions  in  the 
turbulent  boundai:y  layer.  This  is  caused  by  existing  inherent  difficulties  in  measuring 
velocity  in  buoyant  flows,  os{>eclally  near  a  heated  wall  where  a  combination  of  very  low 
velocities  and  very  steep  temperature  gradients  dominate. 

The  lack  of  sufficient  experimental  information,  which  exist  in  abundance  for  most  of 
the  ordinary  flows,  appears  to  be  mainly  responsible  for  the  inadequate  understanding  of 
buoyancy  dounatad  free  convection  turbulent  transport  phenomena.  As  a  consequenca,  this 
prevents  the  development  of  convincing  theoretical  arguments  on  which  the  sndelling  of 
turbulence  transport  terms  will  be  based.  At  the  present, almost  all  the  theoretical  efforts 
on  the  subject  are  based  on  analogies  'borrowed*  from  forced  convection  flows. 

The  turbulence  models  which  are  presently  employed  in  free  convection  bouiulary  layer 
computations  fall  into  three  categories  namely,  algebraic  (15,  16),  standard  x-c  (17,  18) 
and  low  Reynolds  number  x-s  (19-26).  Algebraic  models  are  using  the  concept  of  eddy 
dlffnslvity  in  forms  either  directly  transferred  from  forced  convection  or  modified  for  free 
convection.  The  latter  two  categories  employ  two  equation  x-s  models  describing  turbulent 
kinetic  energy  and  dissipation  dynamics. 

In  the  case  of  standard  x-s  modelling  the  use  of  wall  functions  is  necessary  to  avoid 
the  steep  gradients  prevailing  naar  the  wall  and  to  provlila  boundary  conditions  for  the  x 
and  e  dlffarantlal  aquations.  Since  no  wall  fnnctiona  exist  for  turbulent  free  convection 
boundary  layer, logarltiuilo  wall  functions,  appropriate  for  forced  convection  boundary  layer 
with  small  prauura  gradients,  era  oommonly  used  in  computations  (27). 

In  the  ease  of  low-Raynolda  x-s  models,  the  diminishing  presence  of  turbulence  naar 
the  wall  is  mcdallad  by  the  introduction  of  a  number  of  functions  in  the  diffarential 
equations  for  x  and  e  (27).  It  should  bo  noticed  that,  hare  again,  low-Raynolda  number 
models  used  in  fraa  oonvaotlon,wlth  the  axoaption  of  the  modal  da^lopad  by  To  and  Humphrey 
(26),  have  been  originally  developed  for  forced  convection  boundary  layers. 
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Henkas  and  Hongandoorn  (28)  hava  conductad  a  ayataBatic  coiq>arlaon  of  turbulanca  aodala 
of  tha  tbraa  catagoriaa,  by  alloying  a  aalactad  nuabar  of  thaa  in  tha  ccaqputation  of  a  fraa 
convacti^n  turbulan^  boundary  layar  along  a  vartical  plata.  Thair  calculationa  covared  tha 
ranga  10  <  Gr,  <  10  corraaponding  to  a  fully  davalop^  flov.  ^cording  to  tha  aathodology 
followad  by  tha  authora,  calculationa  atartad  at  6r,  ■  10^,  whara  laainar  aiadlarity 
yalocity  and  taaparatu^a  profilaa  wara  aaployad.  Tha  aalactad  turbulanca  aodala  vara 
introduced  at  Gr,  ■  2*10  •  An  aaount  of  turbulanca  kinetic  energy  waa  alao  introduced  at  tha 
edge  of  the  boundary  layar  whan  K>e  aodala  wara  aaployad.  Thair  calculationa  ended  at 
Gr,  -  lO’*. 

Tha  conductad  con^riaon  included  heat  tranafar  rataa  at  the  wall  and  alao,  velocity 
and  ten^rature  profilaa.  A  aanaitivity  atudy  waa  alao  carried,  regarding  tha  choice  of  tha 
wall  function  for  tha  atandard  k-c  aodal  aa  wall  aa  tha  influence  of  tha  paraaetara  of  tha 
low'Raynolda  nuabar  K~a  aodala  on  tha  obtained  raaulta. 

Tha  concluaiona  reached  by  tha  invaatigatora  are  aunaarizad  in  the  following:  Tha 
calculated  heat  tranafar  rataa  by  tha  aalactad  algabraic  turbulanca  aodal  of  Cabaci  -Khattab 
(15)  are  too  low.  Thia  BK>dal  ia  alao  producing  laadnar-lika  velocity  profilaa  due  to  aarioua 
underaatiaation  of  turbulanca  viacoaity.  Tha  atandard  x-e  aodal  calculates  too  high  values 
of  wall-heat  tranafar  which,  aa  tha  aanaitivity  studiaa  indicated,  depend  on  tha  choice  of 
the  wall  functions.  Tha  low-Raynolds  nuabar  a^dals  of  Lam  and  Breahorst  (21),  Chian  (23) 
and  Jonas  and  Launder  (20)  parfora  beat  up  to  Gr,  •  10^.  Beyond  this  value  the  first  two 
nodala  predict  heat  tranafar  rataa  which  are  higher  than  tha  exparia»ntal,  while  the  aodal 
of  Jonas  and  I.aundar  gives  B»ra  accurate  results.  However,  the  latter  aodal  exhibits  a  late 
transition  to  turbulence  as  sho%m  in  fig.  1.  It  should  be  noted,  that  all  low-Raynolds 
nuabar  aodala  produce  velocity  and  taaparatura  distributions  which  fall  above  tha 
axpariaantal  at  tha  outer  region  of  tha  boundary  layar.  Finally,  tha  authors  suggest  that 
an  accurate  low-Raynolda  nuabar  x-c  aodal  for  turbulent  fraa  convection  boundary  layar 
coaputations  can  be  constructed  by  replacing  wall  functions  by  zero  wall  conditions  for  x 
and  a  and  by  adding  certain  functions  of  tha  Chian's  aodal  to  tha  atandard  x-e  aodal 
aquations. 

Regarding  tha  coaputations  conductad  by  using  the  low-Reynolds  nuabar  x-e  aodala, 
difficulties  can  arise  in  achieving  turbulent  transition.  According  to  the  authors,  the 
solution  of  tha  low-Raynolda  nuabar  aodala  ia  not  unique.  Aaauaing  that  the  solution  for 
large  Gr.  is  independent  of  tha  starting  profile,  both  laainar  and  turbulent  solutions  exist 
for  large  Gr,,  if  hoaoganaoua  boundary  conditions  for  x  and  e  are  applied  at  the  wall  and 
tha  outer  edge  of  tha  boundary  layar.  Siadlar  probleas  regarding  transition  to  turbulence 
and  uniqueness  of  solution,  have  bean  reported  to  exist  in  other  configurations  of  free 
convection  coaq)utationa  (29). 

An  interesting  work  offering  aoaa  physical  insight  in  the  structure  of  a  fully 
developed  turbulent  natural  convection  boundary  layar  forming  along  a  heated  vartical 
surface,  has  bean  reported  by  George  and  Capp  (30).  For  tha  case  under  consideration  tha 
authors  correctly  recognized  tha  nacaaaity  of  treating  tha  flow  in  two  parts  namely,  an 
inner  part  next  to  tha  wall  in  which  viscous  and  conduction  affects  are  dosu-nant  while  mean 
convection  of  aoaantua  and  heat  are  negligible  and  an  outer  part,  in  which  tha  opposite 
conditions  prevail.  They  aiq>loyad  araeantua  and  energy  aquations  for  these  parts  in  which, 
according  to  tha  above  stated  arguaants,  only  appropriate  for  each  part  terms  ware  retained. 
By  using  classical  scaling  aath^s  of  analysis,  were  able  to  reach  sosia  useful  conclusions 
regarding  tha  structure  of  tha  layer  and  to  obtain  relations  for  tha  velocity  and 
tasqwratura  distribution  as  «rall  as  heat  transfer  rates. 

According  to  their  analysis  the  inner  part  is  characterized  by  constant  heat  flux  and 
consists  of  two  sublayers  and  a  buffer  layer  between  them.  More  specifically,  next  to  the 
wall  there  exist  conductive  and  viscous  sublayers  with  linear  velocity  and  teBq>erature 
distributions,  their  relative  thickness  depending  on  the  Prandtl  number.  The  outer  part  of 
the  constant  heat  flux  inner  layer  is  occupied  by  a  buoyant  sublayer  characterized  by 
velocity  and  teig>erature  distributions  varying  as  the  cube  root  and  the  inverse  cube  root 
of  the  distance  from  the  wall  respectively,  that  is: 

*  A(Pr)  ,  ^  *  B(PZ)  (1) 

ij  lig  t/j 


where,  K^,  K|,  are  universal  constants,  A(Fr),  B(Pr)  universal  functions  of  the  Prandtl 
number,  U,,  T,,  inner  velocity  and  teaperature  scales  and  n,,  inner  length  scale  which,  for 
constant  tesq^rature  wall. 
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Thu.  thuratical  pradlctlona  ara  wall  snpportad  axpaciaantally  aa  will  ba  further 
dlacusa^  in  tha  following.  Boat  tranafar  and  friction  lau  hau  alao  baan  derived  in  thia 
work  irhich,  aa  in  the  caaa  of  the  valocity  and  taaparatura  profilaa,  contain  aa  yet 
unapacifiad  functiona  of  the  Prandtl  nuabar.  The  authora  point  out  in  thair  concluding 
raaarks,  that  additional  axpariaantal  and  thaoratlcal  work  ia  naadad  to  aupply  aiaalng 
Inforaation  regarding  tha  ph^ica  of  tha  problaa  and  alao,  to  aake  puaibla  the  calculation 
of  tha  unknown  prandtl  funetlou  aantionad  above.  Thia  ia  inportut  in  developing  new 
coapntational  aodala,  ainoa  tha  velocity  and  taaparatura  diatribntiona  of  tha  axriariaantally 
oonfixaad  buoyant  anblayar  oonld  ba  utilised  u  inner  boundary  conditiona,  tharafora 
avoiding  the  difficultiaa  pruantad  in  aodalling  turbulanca  in  tha  inner  part  of  the 
boundary  layar. 

Plnally,  tha  work  of  Biabara,  Moffatt  and  Bobwind  (14)  abould  be  Bantionad,  in  which 
axtanaiva  aManraBanta  of  hast  tranafar  oomttleiMta  and  taanaratura  profilu  in  air  ara 
pruantad,  for  Orubof  nuabara  up  to  Ivio”.  Hagarding  tha  Baunrad  taaparatura 
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distributions,  tbsy  found  thst  in  ths  outsr  rsgion,  bsyond  ths  buoyant  sublayar,  thsy  obey 
a  logarithaic  relation  of  the  forat 


«  .  JiZ  .  o.8ln(-i-}  *  0.81 

T^-T.  Sj 


(3) 


where  5,  is  the  therval  boundary  layer  thickness, 

'  T-r. 

r^-7^ 


/- 


dy 


(*) 


Th«  preceded  survey  on  the  suitability  of  the  turbulence  transport  sodels,  presently 
eeployed  in  coaputatlons  of  natural  convection  flews  alonq  vertical  heated  planes,  leads 
to  the  conclusion  that,  those  sodels  are  not  capable  of  accurately  predicting  heat  transfer 
rates  and/or  velocity  and  taaperatura  dlatributions,  within  a  sufficiently  extended  range 
of  Grashof  and  Frandtl  nuabara.  It  is  therefore  evident  that,  as  will  be  discussed  in  the 
following,  further  experiaental  and  theoretical  work  is  needed. 

Froa  the  experiaental  point  of  view,  as  already  aentioned,  an  abundance  of  aean 
teaperature  distribution  and  wall  heat  transfer  aeasureawnta  exist  in  the  literature 
although  for  a  restricted  range  of  Grashof  and  Prandtl  nuabers.  Also,  the  statistical 
characteristics  of  the  turbulent  theraal  field  have  been  aeasured  to  a  certain  extend 
(3,4,9,10,31-34).  However,  aeasuresMOts  of  the  aean  and  statistical  character  of  the 
corresponding  turbulent  velocity  field  are  very  Halted  (35-38),  for  reasons  already 
explained.  Especially,  the  present  lack  of  direct  aeasureaents  of  aoaentua  and  heat 
turbulent  transport  teras  of  the  fora  u^uj  and  u'6^,  impose  severe  limitations  in  the 
understanding  of  these  processes  in  the  different  parts  of  the  boundary  layer.  It  is 
evident,  that  without  such  Icnowledge,  the  development  of  turbulent  models  offering 
adequately  accurate  predictions  cannot  be  expected.  Recent  attempts  to  conduct  velocity 
aeasureaents  by  using  laser  velociaetry,  appear  proaising  in  providing  such  information  in 
the  near  future  (31). 

Further  experlMntatlon  is  also  needed,  in  order  to  establish  firsd.y  the  aatheaatlcal 
fora  of  aean  temperature  and  velocity  distribution  in  the  various  parts  of  the  turbulent 
boundary  layer  as  well  as  the  skin  friction  and  wall  heat  transfer.  In  this  direction  the 
already  discussed  findings  and  suggestions  contained  in  reference  (30),  might  fora  the  basis 
for  further  investigation.  It  should  be  added  that  future  experiments  regarding  both  mean 
and  statistical  turbulent  flow  characteristics  should  bo  planned  to  be  conducted  in  an 
extended  range  of  Prandtl  and  Grashof  nuabers. 

In  buoyancy  generated  flows  where  the  velocity  field  is  Initiated  and  sustained  by  the 
corresponding  theraal  field,  a  strong  interaction  exists  between  the  two  fields.  Although 
this  interdependence  probably  dominates  the  turbulence  dynamics  as  wall  as  the  transport 
processes  in  these  flows,  it  has  not  been  adequately  investigated.  Addressing  this  question 
will  certainly  enhance  the  understanding  of  the  physical  aspects  of  turbulent  transport 
aechaniSBs  in  buoyant  flows,  resulting  to  improved  aodelling  of  the  corresponding  teras  in 
the  conservation  equations .  It  could  also  provide  physically  founded  relations  laetween  thaa, 
to  replace  the  empirical  Prandtl  numlMr  dependant  foraulaa  currently  in  use. 

The  conducted  survey  has  shown  the  limitations  of  the  presently  eaployed  turbulence 
models  in  free  convection  computations,  strongly  indicating  tliat  suitable  models  for  these 
flows  cannot  be  developed  by  aodlfylng  existing  ones  corresponding  to  ordinary  or  forced 
convection  flows.  This  task  dssmi^  adequate  understanding  of  the  buoyancy  Influenced 
turbulence  structure  and  related  transport  aachanlsma  not  presently  existing.  To  supply  the 
needed  information  the  widely  accepted  procedure  of  ccaparing  carefully  selected 
axpariaents,  conducted  along  the  discussed  directions,  with  corresponding  coaputations 
should  be  adapted.  However,  the  method  of  interplay  between  experiMnt  and  coaputation 
cannot  produce  the  sought  knowledge  if  confined  to  comparing  only  overall  quantities,  as 
the  trend  ham  tieen  in  the  past  few  years.  This  methodology  should  be  used  as  a  tool  for  a 
detailed  investigation  of  the  structure  of  the  various  parts  of  the  turbulent  velocity  and 
teaiparaturo  fields,  in  which  different  physical  processes  prevail.  In  the  case  of  a  heated 
vertical  plane  these  {larts  have  been  identified  to  correspond  to  an  inner  layer  consisting 
of  a  viscous,  conduction  and  buoyant  sublayers  and  an  outer  layer,  as  already  aentioned. 
The  described  approach  is  also  expected  to  help  in  selecting  appropriete  boundary  conditions 
in  order  to  avoid  a  nuaber  of  ccapotational  difficulties  as  for  instance,  liandllng  the  low 
turbulence  region  near  the  wall. 

Bxperlaents  in  the  non-fully  developed  turbulent  statei 

The  history  of  flow  davelopaent  towards  a  fully  developed  turbulence  state  la  generally 
)cnown  to  affect  tioth  the  structure  of  turbulence  and  the  occurring  in  this  state  physical 
processes.  In  turbulent  free  convection,  studying  turbulence  in  its  developing  stages  and 
coaparing  expsrisMntal  results  with  coaputational  predictions,  is  expected  to  allow  a  better 
understanding  of  turbulence  transport  processes  and  especially  the  influence  of  buoyancy 
on  then.  It  will  also  assist  in  recognising  existing  shortcoadngs  in  t)ia  presently  employed 
turbulence  models  and  in  acquiring  useful  inforaation  for  the  development  of  suitable  ones 
for  free  convection  flow. 

In  the  oondttctad  preliminary  Investigation  reported  in  the  following  the  experimental 
results  obtained  in  a  non-fully  developed  turbulent  freq  convection  theraal  layer  formed 
along  a  heated  vertical  plane  are  cospared  with  oorrespe^ing  eoa|iutational  predictions. 
The  experimental  apparatus,  consisting  of  e  stainless  steel  plate  of  dlmensioos  1000x500x13 
am  heated  by  ten  uniforaly  spaced  resistance  elements,  has  been  described  in  reference  (34) . 
■y  controlling  the  power  delivered  to  each  element,  a  naifoxa  taaparatnra  over  the  snrfaoa 
of  the  plate  was  achieved.  The  obtained  msasnsamente  covered  both  mean  and  statistical 
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characteristics  of  ths  turbulent  tesq^rature  field  by  using  a  hot-wire  aneenaster  with  the 
sensor  operating  as  a  resistance  thensoaeter.  Heat  transfer  rates  i#ere  also  estimated  from 
the  obtained  tei^rature  distributions  and  frost  wall  temperature  and  heat  flux  Masureiients 
by  using  Newton's  law.  in  the  present  work  only  mean  tesperature  distributions  and  heat 
transfer  rates  are  reported. 

As  already  discussed,  Henkes  and  Hoongendoorn  (28)  have  caBg>uted  heat  transfer  rates 
by  using  different  turbulence  models  as  shown  in  figure  1  in  «dtich,  corresponding 
measurements  obtained  in  the  present  experiments,  are  added.  It  can  be  seen  in  this  figure 
that  the  outjority  of  the  turbulence  modmlm  fail  dramatically  to  predict  heat  transfer  rates 
in  the  mentioned  range  of  Grashof  numbers. 

As  a  next  step,  the  form  of  the  inner  and  outer  parts  of  the  measured  mean  temperature 
distributions  were  examined  as  shown  in  figures  2  and  3.  The  sMasured  distributions 
corresponding  to  the  inner  part  (fig.  2)  exhibit  a  gradual  development  with  increasing 
Grashof  number  towards  the  theoretically  predicted  inverse  cube  root  form,  characteristic 
of  thf'  buoyant  sublayer  in  a  fully  develo{^  state.  Purthersure,  computations  vmre  carried 
for  two  Grashof  numbers  namely,  Gr.  •  2.7*10*  and  Gr^^  ■  9.7*10*  and  for  three  different 
turbulence  models  as  shown  in  figures  4  and  5.  These,  were  coiq;>ared  with  measured  in  the 
present  experiments  teo^rature  distributions  at  the  same  Grashof  nusbers,  corresponding 
to  non- fully  and  fully  developed  flows.  It  is  evident  that  none  of  the  coaputed  profiles 
agrees  with  the  experiment  and  that  in  the  case  of  the  higher  Grashof  number  only  the  model 
of  Jones  and  Launder  predicts  the  inverse  cube  root  form  in  a  small  part  of  the  buoyant 
sublayer.  Equally  significant  none  of  the  esployed  turbulence  s^dels  appears  capable  to 
produce  computed  distributions  following  the  trend  exhibited  by  the  measured  profiles,  in 
the  range  of  Grashof  numbers  corresponding  to  non-fully  developed  flow  conditions. 

The  comparison  of  the  form  of  the  outer  part  of  the  measured  temperature  profiles  with 
the  logarithmic  expression  suggested  in  (14)  leads  to  similar  remarks  as  those  made  for  the 
inner  part  (fig.  3).  Although  not  as  dramatic,  there  is  again  a  gradual  approach  to  the 
logarithmic  form  with  increasing  Grashof  numbers. 

In  conclusion,  the  present  state  of  development  of  turbulence  B»dels  employed  in  free 
convection  flow  cosputations  appears  unsatisfactory.  Existing  efforts,  mainly  attempting 
to  use  turbulence  models  "borrowed*  from  ordinary  or  forced  convection  flows  in  modified 
forms,  have  produced  only  limited  results.  To  develop  turbulence  models  suitable  for  this 
category  of  explicated  flo%rs  it  is  suggested,  that  research  efforts  should  be  directed 
towards  understanding  the  effects  of  buoyancy  on  turbulence  transport  processes  and  the 
mechanism  of  the  existing  strong  interaction  between  the  flow  field  and  the  sustaining  it 
thermal  field.  The  known  methodology  of  interplay  between  experiment  and  exputation 
consists  a  most  valuable  approach  to  the  problem.  However,  this  should  not  be  used  only  for 
validation  purposes,  but  as  a  tool  for  the  study  of  the  turbulence  structure  and  transport 
processes  in  the  various  parts  consisting  the  velocity  and  temperature  fields  associated 
with  these  flows.  Finally,  the  reported  experiments  suggest,  that  studying  the  development 
of  turbulence  towards  a  fully  developed  state  offers  valuable  information  assisting  in  the 
clarification  of  a  number  of  questions  discussed  in  this  work. 
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ABSTRACT 

A  brief  overview  of  ongoing  flow  modelling  activities  in 
Spain  in  the  fields  of  turbulent  boundary  layers,  two- 
phase  flows  and  turbulent  reactive  flows  is  presented. 

Turbulent  shear  flows  laden  with  small  solid  panicles 
and  the  turbulent  isothermal  mixing  of  two  chemical 
species  undergoing  a  second  order  irreversible  chemical 
reaction  are  discussed  in  more  detail.  An  eulerian 
approach  is  followed  in  the  former,  employing  a  phase 
indicator  function  conditioning  technique  for  the 
continuous  phase  and  a  Boltzmann  type  velocity 
distribution  function  for  the  dispersed  phase.  The  latter 
is  treated  via  a  probability  density  function  (pdf) 
formalism  where  the  joint  statistics  of  concentrations 
and  concentration-gradients  is  investigated.  Predictions 
are  compared  with  available  experimental  results  in  both 
cases. 

Some  concluding  remarks  on  the  specific  needs  on 
modelling  or  turbulent  two-phase  and  reacting  flows  are 
listed. 

1.  INTRODUCTION 

As  in  most  fields  of  scientific  research,  the  ultimate  goal 
in  the  investigation  of  turbulent  flows  is  to  develop  a 
quantitative  tractable  predictive  theory.  This  objective  is 
hampered  by  the  existence  of  a  wide  spectrum  of  length 
and  time  scales,  ranging  from  the  characteristic  sizes  and 
frequencies  of  the  large  turbulent  structures  to  the 
Kolmogorov  length  and  time  microscales.  This  prevents 
direct  numerical  simulation  (DNS)  of  turbulent  flows  in 
most  cases  of  practical  interest.  DNS'5>  is.  3i.  M  gf  some 
idealized  and  limit  cases  can  provide  useful  information 
on  the  asymptotic  behavior  of  turbulent  fields. 

Existing  computers  set  a  limit  on  the  length  and  time 
scales  that  can  be  numerically  resolved.  Large  eddy 
simulation  (LES)  methodology^'  filters  the  contribution 
to  a  fluctuating  variable  coming  from  large  structures 
averaging  the  effects  of  small  scales  below  a  given 
threshold.  The  latter  introduce  unknown  terms  in  the 
resulting  equations.  Models  or  closure  hypothesis  must 
be  proposed  in  order  to  proceed  fii.ther  to  the  numerical 
simulation.  In  some  instances,  dumping  the  small  scale 
contributions  into  a  collective  pool  may  yield  good 
results.  This  can  be  the  case  of  the  turbulence  modelling 
where  most  energy  production  and  energy  transfer 
pro^sses  are  dominated  by  large/intermediate  size 
eddies,  while  the  overall  small-scale  action  upon  the 
flow  can  be  simulated  and  quantified  as  a  diffusive-like 
irreversible  mechanism.  However,  if  a  process  is  tied  to 
the  small  fluemating  scales  the  closure  difficulties  might 
render  LES  strategies  useless.  This  is  the  case  of 
chemically  reacting  mtbulent  flows. 


Reynolds  averaging  techniques  consider  the  contribution 
to  a  fluemating  variable  coming  from  the  whole 
spectrum  of  length  and/or  time  scales^.  The  closure 
problem  can  be  more  severe  and  difficult  to  solve  than 
the  equivalent  one  in  LES  for  the  velocity  field  or  of  the 
same  order  to  complexity  for  a  reactive  scalar  in  a 
mrbulent  flow.  Moment  and  probability  density  function 
(pdO  equations  have  been  obtained  after  Reynolds- 
averaging  the  corresponding  local-instantaneous 
consevation  equations.  Most  modelling  activity  has 
revolved  around  moment-equations'*-'’.  Pdf  transport 
equations  condense  the  information  equivalent  to  an 
infinite  hierarchy  of  moment  equations’-'0.25.  it  has  been 
shown  that  the  pdf  formalism  is  the  namral  one  for 
turbulent  reaaive  flows'®  and  that  pdf  models  can  be 
proposed  based  on  second  order  closure  models^’. 

An  overview  of  ongoing  activities  on  mrbulent  flow 
modelling  in  Spain  is  presented  in  Section  2.  Modelling 
work  on  mrbulent  boundary  layers,  two-phase  flows  and 
turbulent  reactive  flows  is  briefly  described.  More 
details  with  emphasis  on  closure  models  are  provided  in 
Section  3  for  two  selected  cases:  Turbulent  shear  flows 
laden  with  small  solid  particles  and  mrbulent  isothermal 
mixing  of  an  acid  and  a  base  undergoing  a  second  order 
irreversible  chemical  reaction;  these  cases  exemplify 
two  areas  in  which  significant  modelling  effons  are 
required.  In  the  former  even  the  basic  equations  and 
methodologies  to  be  used  as  a  starting  point  are  being 
questioned.  The  latter  is  adequate  to  illustrate  the 
difference  between  what  seems  to  be  the  namral  pdf 
approach  and  what  most  moment  modellers  in  the  field 
are  doing.  Section  4  contains  some  concluding  remarks 
on  the  two  selected  cases. 

2.  OVERVffiW 

The  following  ongoing  mtbulent  flow  modelling 
activities  in  Spain  have  been  brought  to  the  attention  of 
the  authors: 

2.1  Turbulent  Boundary  Lavers 

2.1.1  Asymptotic  Expansion  Technignes’^s 

Turbulence  modelling  is  being  conducted  via  the 
asymptotic  techniques  originated  within  the  framework 
of  "periodic  homogeneization  theory".  The  flow 
variables  are  asymptotically  expanded  and  the  model 
can,  thus,  be  formally  justified.  The  averaged  partial 
differential  equations  have  a  structure  analogous  to  that 
of  the  compressible  Navier-Stokes  equations. 

The  starting  point  is  the  so  called  MPP  mrbulence 
models  2®,  valid  for  incompressible  flows  of  ideal  or 
weakly  viscous  fluids.  These  models  have  been 
generalised  in  a  first  attempt’  to  inviscid  compressible 
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isentropic  flows.  No  closure  hypothesis  are  required  at 
this  level  The  Reynolds  stress  tensor  is  obtain^  from 
the  solution  of  a  non-linear  differential  equation.  The 
gradient  of  the  inverse  lagrangian  coordiriate  associated 
to  the  mean  velocity  field,  the  average  turbulent  kirtetic 
energy  and  the  average  helicity  appear  as  parameters  in 
that  equation.  The  unclosed  terms  can  then  be  tabulated 
and  it  is  to  be  expected  that  the  corresponding  table  has  a 
universal  character^.  These  models  do  not  take  into 
account  the  flow  behavior  near  solid  walls.  On  the  other 
hand,  mechanisms  for  turbulence  generation  are  not 
considered  and  models  are  typically  non-stationary. 

As  a  first  step,  a  reformulation  of  asymptotic  models  for 
moderately  high  Reynolds  number  and  moderate  Mach 
number  compressible  isentropic  flows  has  been 
achieved.  Non-standard  boundary  conditions  adding 
new  non-linearities  to  the  problem  and  based  on  the  well 
known  logarithmic  law  of  the  wall  have  been  introduced 
to  take  into  account  the  existence  of  boundary 
layers.The  methodology  followed  to  numerically  solve 
the  problem  is  described  in  detail  in  Reference  26  where 
a  large  number  of  numerical  results  are  presented. 


where  the  flux  vectors  F  and  G  can  be  expressed  as 
F  =  F*  +  F'^  ,  G  =  G*  +  G'^- The  superscripts!  and  V 
denote  inviscid  and  viscous  contributions,  respectively, 
and 
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In  a  second  step,  new  models  describing  the  turbulent 
motion  of  the  fluid  over  the  whole  domain,  including  the 
regions  near  solid  walls,  have  been  formulated.  The 
flow  domain  is  decomposed  into  a  turbulent  boundary 
layer  and  an  inviscid  outer  zone.  Small  parameters  are 
introduced  and  asymptotic  expansions  for  the  flow 
variables  are  hypothesized  for  the  different  zones. 
Formal  manipulation  of  the  equations,  identifying  the 
coefficients  of  the  various  powers  of  the  small 
parameters,  lead  to  averaged  variable  equations  for  the 
iruier  and  outer  zones.  The  original  initial  and  boundary 
conditions  are  supplemented  with  those  obtained  from 
"matching"  the  irmer  and  outer  variables.  The  use  of 
these  mo^ls  allows,  among  other  diings,  to  rigorously 
justify,  from  the  asymptotic  point  of  view,  the  laws  of 
the  wall. 

The  numerical  solution  rest  upon  semi-implicit  time 
discretization  schemes  and  finite  element  type 
approximation  for  the  space  variables.  A  least  square 
t^  formulation  is  utiliud  followed  by  an  algorithm  of 
die  Buckley-Le  Nir  conjugate  gradient^ .  Fmally,  the 
numerical  problem  is  reduced  to  the  solution  of  a 
"cascade"  of  linear  problems,  some  of  them  analogous  in 
nature  to  the  Stokes  problem,  which  can  be  solved  using, 
for  example,  the  Glowinski-Pironneau  method,  and 
others  of  the  Poisson  type. 

These  techniques  are  being  developed  within  the 
framework  of  the  HERMES  Project  of  the  European 
Space  Agency  (ESA)  in  order  to  predict  the  thermal 
behavior  of  this  space  aircraft  during  its  reentry  into  the 
earths's  atmosphere. 

2.1.2  Algebraic  Model  of  Tuibulencet 


Here  R*  and  P,  denote  the  Reynolds  and  Prandtl 
numbers  respectively,  u  and  v  the  two  components  of  the 
velocity  vector  and  p,  e,  p,  h  and  T  are  the  dimensionless 
density,  specific  total  energy,  pressure,  specific  total 
enthalpy  and  temperature  of  the  fluid.  The  Sutherland 
relation  is  used  to  take  into  account  the  dependence  of 
the  molecular  viscosity  coefficient,  p,  on  temperature 
and  Mach  number.  The  non-dimensional  components  of 
the  stress  tensor,  fii,  'l’i2  and  ^22  are  assumed  to 
follow  the  Navier-Poisson  relation  for  lamin:  flows. 
The  equation  of  state  complete  the  problem 
specification. 

For  turbulent  flows  p  is  replaced  by  "pi  -h  pt".  pi  is  the 
laminar  viscosity.  For  the  "eddy  viscosity  coefficient", 
Pt,  the  Baldwin-Lomax  algebraic  modeP  is  used.  The 
variables  in  Equ.  (2)  stand  then  for  average  values. 
Cebeci's  modifications  avoid  the  calculation  of  the 
boundary  layer  edge. 

Ln  this  two-layer  model  the  turbulent  viscosity  is  given 
by, 

fp^  for  y<y<„ 

for  y>y^  ^3^ 

where  pu  and  pio  stand  for  inner  and  outer  values  of  pt, 
y  is  the  normal  distance  to  the  wall  and  yco  is  the  cross¬ 
over  value,  the  mirumum  y  for  which  the  irmer  and 
outer  values  of  pt  are  equal 

Van-Driest  formulation  is  followed  for  pp  , 

Pti  =  Cipl2w  (4) 


The  two-dimensional  (2D)  compressible  laminar 
Navier-Stokes  equations  are  considered  in  a  non- 
dimensional  form. 


where  Q  is  a  constant,  and 

l=k  y  [  1  -  exp  (-  y+/A+)]  (5) 


dU  .  8F  .  3G  _ 


(1) 


w  is  the  mean  voiticity  module  given  by. 
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and  jr*'  =  y  u*Ai,  with  u*  being  the  friction  velocity  and  v 
the  kinematic  viscosity. 

Clauser  formulation  is  used  to  express  pto< 

Htt,  =  K  Cep  Fw  Fk(y)  (7) 

K  is  Clauser  constant.  Cep  is  an  additional  constant  and 

Fw  =  min(yinax  Fmax.  Cwk  yniax  u^jj/Fmax)  (8) 

Fmax  ts  the  maximum  value  of 

F(y)  =  y  [l  -  exp  (-  y+/A+)]  (9) 

and  ymax  is  the  value  of  y  at  which  F(y)  =  Fmax.  FK(y)  is 
the  Klebanoff  intermittency  factor, 

FK(y)=  [1-5.5  (CKy/ytnax)]  (10) 

uuif  is  the  difference  between  the  maximum  and 
mirtimum  values  of  the  velocity  for  a  profile.  The 
standard  values  are  assigned  to  the  constants. 

The  solution  is  obtained  by  advancing  the  unsteady  non- 
dimensional  form  of  the  equations  to  steady  state  by 
means  of  a  hybrid  timestepping  scheme.  The 
convergence  is  accelerated  by  the  use  of  local 
timestepping  and  the  incorporation  of  implicit  residual 
averaging.  Spatial  discretization  is  accomplished  by 
means  of  a  Galerkin  finite  element  method  assuming  a 
general  unstmemred  grid  of  linear  three-noded 
triangular  elements.  In  the  code,  this  is  achieved  by  the 
equivalent  process  of  computing  the  element 
contributions  from  a  loop  over  all  the  element  sides  in 
the  mesh.  To  ensure  complete  vectorisation  of  this 
procedure,  the  element  sides  are  automatically  coloured 
by  the  mesh  generator*.  The  resulting  scheme  is 
stabilised  by  the  application  of  an  artificial  dissipation 
operator  which  is  formed  as  a  blended  combination  of 
second  and  fourth  differences. 

2.2  Two-Phase  Flows 

2.2.1  Dispersed  Phase  as  a  Continuum*^ 

A  monodispersed  cloud  of  rigid  spheres  syspended  in  an 
incompressible  isothermal  viscous  gas  is  considered.  No 
mass  transfer  between  the  phases  is  included.  The 
dynamic  behavior  of  the  particles  is  characterized  by 
continuous  velocity,  pressure  and  concentration  fields. 
For  a  distribution  of  particle  sizes,  as  many  velocity, 
pressure  and  concentration  fields  ate  requited  as  the 
number  of  size  families  to  be  treated. 

The  particle(patticle  and  patticle/fluid  interactions  are 
simulated  by  the  introduction  of  a  "pressure"  and  a 
"viscosity"  of  the  particle  cloud  and  an  inter-phase  force 
taking  into  account  the  momentum  transfer  between  the 
phases. 


Should  the  particle  cloud  viscosity  be  ignored  no 
macroscopic  mechanism  exists  to  set  a  limit  to  strong 
gradients.  A  discrete  system  of  particles  has  been 
analysed  in  order  to  find  a  strong-gradients  limiting 
mechanism  for  the  continuum  model.  The  inviscid  flow 
around  an  ensemble  of  spherical  particles  has  been 
investigated.  None  of  the  microscopic  terms  can  prevent 
the  development  of  strong  gradients  in  the  particle 
concentration.  The  consideration  of  the  cloud  viscosity 
seems  thus  to  be  neccesaty  in  order  to  describe  small 
wavelengths. 

On  the  other  hand,  the  functional  dependence  of  the 
particle  cloud  pressure  is  important  and  has  significant 
macroscopic  consequences  upon  the  flow 
development's. 

TTk  specification  of  the  particle  cloud  viscosity  and 
pressure  are  therefore  open  topics.  The  viscosity  data 
measured  by  SchilrgePS  for  glass  spherical  particles  of 
various  diameters  have  been  analysed.  The  viscosity 
increases  considerably  when  the  fluidised  bed 
concentration  approaches  the  maximum  packing 
concentration;  on  the  other  hand,  it  has  b^n  observed 
that  a  dimensionless  viscosity  can  be  obtaiivd  by  scaling 
the  experimental  data  with  the  particle  density,  the 
fluidization  velocity  and  a  characteristic  length  which  is 
a  function  of  the  particle  diameter  and  Reynolds 
number.  A  universal  curve  of  the  dimensionless 
viscosity  as  a  function  of  the  volume  concentration  can 
then  be  plotted.  More  experiments  are  however 
necessary  in  order  to  ascertain  the  suspension 
rheological  behavior. 

At  moderately  hi^  loads  the  particles  interact  mainly 
with  the  surrounding  fluid  and  the  stresses  of  the  cloud 
are  mostly  due  to  particle/fluid  interactions.  On  the 
other  hand,  for  hi^  cloud  concentrations  the  frequency 
of  collisions  between  particles  increases  and  the  pressure 
of  the  particle  cloud  should  substantially  grow, 
preventing  the  cloud  from  attaining  concentrations 
above  that  of  maximum  packing.  Neither  experimental 
data  nor  theoretical  developments  exist  to  model  the 
cloud  pressure  at  high  concentration.  However,  the 
correct  modelling  of  the  pressure  is  essential,  as  this  is 
an  important  mechanism  limiting  the  maximum  value  of 
particle  concentration. 

2.2.2  Eulerian  Formulation  of  Averaee  Equation.s23 

In  the  theoretical  derivation  of  two-phase  flow 
equations,  extensive  use  is  made  of  conditioned 
averaging  techniqueskii.  Spatial,  temporal,  or  ensemble 
average  and  double/mixed  average  operators  are 
frequently  found  in  the  literature  .  Two  consecutive 
averages  are  also  encountered  in  turbulent  two-phase 
flow  modeling.  Nevertheless  the  existing  formalisms 
are  not  quite  satisfactory,  specially  in  deiding  with 
turbulent  flows.  Volume  or  time  averaging  produce 
filtering  of  small-scale  turbulent  structures  or  large 
fluctuating  frequencies.  To  avoid  that  filtering  effect, 
dispersed  elemrats  must  be  much  smaller  than 
Kolmogorov  scates  and  the  number  of  elements  itiside 
the  protre  volume  large  enough  to  get  stable  values. 
TTkw  situations  tately  occur  in  practice  and  ate 
itnpossible  to  satisfy  in  dilute  flosn.  Ensemble  avoages 
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avoid  these  problems  but  the  interaction  teims  have  no 
straightforward  meaning  and  must  be  interpreted  by 
comparison  with  other  averages.  Applying  two 
consecutive  averages  lead  to  equations  with  a  large 
number  of  terms  with  no  direct  physical  meaning  and 
include  high  order  fluctuation  correlations,  creating 
some  serious  closure  problems. 

Following  the  usual  conditioning  technique  based  on  a 
phase-indicator  function^  and  properly  defining  a  joint 
probability  density  function  to  descrite  the  dispersed 
phase  dynamics,  some  of  the  ideas  pointed  out 
Herczynski  and  Pienkowska'^  are  generalized. 

Theorems  and  ass(x;iated  properties  ate  given  allowing 
a  general,  rigorous  and  systematic  treatment  of  the 
continuous  phase  of  a  dispersed  two-phase  flow  system. 
The  conditioned  mean  value  of  any  variable  derivative 
can  be  expressed  as  the  derivative  of  the  variable 
conditioned  mean  value,  plus  an  extra  interface  source 
term,  which  will  introduce  in  the  equations  information 
about  the  action  of  the  second  phase.The  formalism 
employed,  shares  some  features  in  common  with  those 
previously  developed.  The  difficulties  mentioned  above 
are  however  overcome.  Using  those  results  conditioned 
average  continuity,  momentum  turbulent  kinetic  energy 
and  tuibulence  dissipation  rate  equations  for  the 
continuous  (diase  can  be  obtained.  The  main 
characteristics  of  these  equations  are: 

-  General  applicability.  In  principle  no  restrictions  are 
placed  on  the  sizes  of  dispersed  elements  or  their 
concentrations. 

-  Continuous  phase  variables  appear  statistically 
averaged.  Therefore  no  spatial  or  temporal  filtering  is 
performed. 

-  Continuous  phase  equations  are  obtained  in  a  single- 
step  averaging  operation. 

-  Continuous  phase  equations  are  formally  indendcal  to 
those  in  classical  turbulent  single-phase  flows,  with 
similar  terms  and  the  same  order  of  fluctuation 
correlations. 

-  A  few  additional  interaction  terms,  with  direct  physical 
interpretation  and  mathematical  properties  which  help 
in  modeling  them,  enter  the  continuous  phase  equations. 

General  eulerian  equations  for  the  moments  of  the 
particle  velocity  are  next  obtained.  This  is  done  from  a 
"Boltzmann  type"  probability  density  function  transport 
equation  which  is  assumed  to  correctly  represent  the 
particle  cloud  dynatnics^-^.  Dispersed  phase  average 
continuity,  momentum  and  fluctuating  kinetic  energy 
equations  are  then  generated.  Neither  a  particle  cloud 
pressure  nor  viscosity  appear  in  the  average  equations. 
Particle  fluctuating  velocity  correlations  and  phase 
interaction  terms  ate  unknowns. 

A  k-e  turbulence  model  is  used  for  the  continuous  phase. 
The  dispersed  phase  is  modelled  via  a  gradient  transport 
approximation  where  the  particle  turbulent  diflusivity  is 
rephrased  in  terms  of  a  toot  mean  square  particle 
fluctuating  velocity  and,  in  the  case  of  a  dilute  dispersed 
phase,  a  particle  relaxation  lengtt.  Closure  hypothesis 
ate  alM  proposed  for  die  phase  interaction  terms. 


An  axisymmetric  turbulent  jet  configuration  has  been 
chosen  to  validate  the  model  for  both  single  phase  and 
two-phase  flows.  A  classical  finite  volume  four-node 
formula  space-marching  fully-implicit  scheme  has  been 
used.  Validation  has  been  conducted  by  conqiaring  die 
model  predictions  with  available  experimental  data*^'^. 
Preliminary  predictions  indicate  a  reasonably  good 
agreement^. 

Turbulent  Reacting  Flows^* 

The  mixing  of  dynamically  passive  inert  and  reactive 
scalars  convected  by  a  field  of  nearly  homogeneous 
turbulence  is  being  investigated.  The  transport  equation 
for  the  joint  probability  density  function  (]^  of  scalars 
and  their  gradients  is  used.  Exact  treatment  is  possible  of 
the  processes  of  the  straining  by  mean  velocity 
gradients,  the  chemical  reaction  and  the  dissipation  of 
scalar  flucmations.  Closure  approximations  are  required 
for  the  non-closed  terms  describing  the  straining  of 
scalar  gradients  by  fluctuating  velocity  gradients  and  the 
dissipation  of  scalar/scalar-gradient  a^  of  scalar- 
gradient  correlations  by  molecular  diffusion. 

A  cumulant  expansion  technique''’'^  is  used  to  treat  the 
turbulent  straining  term.  The  limit  of  large  Kubo  or 
Reynolds  number  ("strong  perturbation  limit")  is 
identified.  Furthermore,  the  "small  time  limit"  allows  to 
truncate  the  cumulant  function  operator  series  expansion 
at  the  second-order  level.  This  small  time  pdf  behavior 
is  all  that  is  required  in  order  to  derive  a  scalar-gradient 
increment  random  equation.  For  isotropic  turbulent 
velocity  gradients  the  straining  is  inversely  proportional 
to  the  square  of  the  Kolmogorov  time  micro-scie.  The 
scalar  gradients  display  a  tendency  to  grow  and  to 
become  isotropic. 

A  binomial  sampling  modeP?  is  used  to  close  the 
molecular  dissipation  terms.  This  model  has  features  in 
common  with  fce  LMSE  closure  approximation’’'®  and 
with  Langevin  mrxlels^.  This  closure  mcxlel  leads  to  a 
qualitatively  reasonable  relaxation  process  and  produces 
correct  asymptotic  results'^ . 

A  stochastic  scalar-gradient  straining  model  is  proposed 
in  terms  of  products  of  two  random  vectors.  This 
simulation  also  implies  a  model  for  the  turbulent 
velocity  gradient  and,  therefore,  for  the  turbulent  strain 
rate  tensor  and  for  the  fluctuating  vorticity.  Only  the 
consequences  of  this  model  on  scalar  gradients  have  been 
explored  until  now. 

A  Monte  Carlo  simulation^  of  the  molecular  dissipation 
processes  is  performed  considering  non-interacting 
particles.  During  a  time  step,  all  die  particles  are 
affected  by  a  LMSE  process,  while  c^y  a  ftaction 
acquire  new  values  via  a  binomial  or  gaussian  sampling 
tedmique.  Scalar  mixing  frequencies  can  be  calculated 
as  a  part  of  this  joint  pdf  formulation.  The  ratio  of 
scalar-gradient  to  scalar  characteristic  mixing 
frequencies  is  assumed  to  be  a  constant  greater  dum 
one*3. 

The  previous  formulation  is  dien  applied  to  study  the 
evolution  of  an  inert  scalar  in  grid  generated  turbulence. 
In  particular,  die  prediction  of  the  concentiaticRi 


. 

t  s 


variance  and  the  characteristic  mixing  frequency 
displays  an  excellent  agreement  widi  the  experimental 
data  for  the  evolution  of  dilute  ClNa  injected  at  the  grid 
into  a  main  water  flow^.  The  flatness  factor  of  the 
concentration  gradient  grows  to  values  significantly 
greater  than  3.  The  latter  can  be  taken  as  an  indication  of 
the  internal  intennittency  of  the  scalar  field. 

The  leaction  between  sodium  hydroxide  diluted  in  the 
main  flow  and  methyl  foimiate  injected  as  a  dilute 
solution  at  the  grid  generating  the  turbulence  has  been 
investigated  in  detail  by  Bent^  et  aL^.  Predicted  means 
and  variances  agree  very  well  with  experimental  data. 
The  experimentally  determined  segregation  coefficient 
stabilizes  at  about  -0.7,  and  it  is  acurately  predicted.  The 
coefficient  of  skewness  of  the  injected  species  is  positive 
while  that  of  the  species  diluted  in  the  main  flow  are 
negative,  bodi  increasing  downstream.  Large  values  of 
the  flatness  factors  of  boA  species  clearly  suggest  the 
spatial  segregation  of  reactants.  The  computation  of 
characteristic  mixing  frequencies  for  both  species  shows 
how  moderately  fast  chemical  reaction  (Datnkdhler 
number  of  order  unity)  can  significantly  modify  the 
time  and  length  scales  of  the  scalar  fields.  This  is  a  call  of 
attention  on  some  extended  practices  in  turbulent 
combustion  modeling  which  overlook  this  fact  The 
coefficients  of  skewness  and  the  flamess  factors  of  the 
magnitude  of  the  concentraticHi  gradients  increase 
downstream  reaching  high  positive  values.  This  is  a 
clear  sign  of  the  small  scale  intennittency .  The 
predicted  pdf  of  the  concentration  gradient  magnitude 
for  both  reactants  display  a  log-normal  behavior.  The 
dissipation  of  the  injected  scalar  fluctuations,  is 
significantly  faster  than  that  of  the  reactant  diluted  in  the 
main  flow,  due  most  probably  to  the  initial  structure  of 
the  injected  field  that  favors  the  action  of  the  stretching 
mechanisms  and  enhances  molecular  effects. 

Information  on  the  statistics  of  length  scales  defined  as 
the  ratio  of  concentration  and  concentration  gradients 
could  be  obtained  from  the  formulation.  The  sensitivity 
of  the  strain-rate/scalar-dissipation  correlation 
coefficient  to  changes  in  the  Schmidt  or  Prandtl  numbers 
could  also  be  evaluated .  The  same  formalism  could 
probably  be  extended  to  investigate  the  fluctuating 
vorticity  dynamics  in  nearly  homogeneous  shear  flows 
with  constant  mean  velocity  gradients. 


The  following  two  cases  have  been  selected  for  a  mote 
detail  description: 


Fxpiation«3 


A  phase  indicator  fimcticai,  I,  is  defined  such  that>-i*, 

- ,  ri  if  (x ,t)  is  inside  the  continuous  t^iase 
odierwise 

In  the  process  of  averaging  the  Navier-Stokes  equations 
conditioaed  upon  die  presence  of  the  fluid  phase  the 
indicator  function  tqipears  as  a  factor  of  dme  and  space 


derivatives.  The  following  relation  holds*', 

$  stands  for  any  continuous  phase  variable  and,  k  for  the 
derivative  with  respect  to  X  (time  or  space).  (  )  is  meant 
for  statistical  average.  The  last  term  in  equ.  (11) 
represents  the  phase  interaction .  Should  the 
characteristic  lengdi  of  the  dispersed  elements  be  much 
smaller  that  the  mean  overall  flow  characteristic  length, 
this  interaction  term  can  be  expressed  as^ 


where  is  the  "particle  concentration”,  the  overbar 
followed  by  a  star  denotes  statistical  average  conditioned 
to  the  center  of  the  dispersed  elements  being  positioned 

j  * 

at  point  X  at  time  t,  v  is  the  dispersed  element 
average  volume,  the  surface  integral  extends  over  the 
interface,  Sp,  e;^x  is  a  residue  usually  much  smaller  than 
die  first  term  on  the  right  side  of  equ.  (12)  and 


_  f-  v*-  n  if  X  =  t 


vs  and  n  are  the  interface  velocity  and  the  unit  vector 
pe^ndicular  to  the  interface  element  located  at  x, 
pointing  towards  the  continuous  phase,  respectively.  The 
subscript  k  designates  the  k  component  of  the 
corresponding  vector. 


Modeling 

The  instantaneous  conservation  equations  multiplied  by  I 
and  averaged,  after  making  use  of  Equ.  ( 1 2)  yield  the 
continuity,  momentum,  turbulent  kinetic  energy  and 
dissipation  rate  averaged  equations. 

A  k-e  model  is  used  to  represent  the  turbulence.  The 
following  expresions  are  used  for  the  unclosed  terms. 


-  a  u’.  u'.  =  -  a  4  k  6..  +  V 
'  J  3  1) 


^(aU.)  .  +  (a  - 


a(»ik'+^UiP’)=  oJ^(ok)i 


where  a  is  the  void  fracdon,  V  and  u'  are  the  mean  and 
fluctuating  velocity,  respectively,  k  and  k'  are  the 
average  a^  die  instantaneous-fluctuating  turbulent 
kinetic  energy,  respectively,  Sy  is  die  Kronecker  delta, 
p'  is  the  fluctuating  pressure,  <%  is  set  equal  to  one  and 

V.J.  =  Cjj(P4)k^/E  is  die  nubulent  viscosity.  P  and  e 

stand  for  the  turbulem  kinetic  energy  production  and 
dissipation  rates,  respectively. 
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The  weakest  point  in  the  model  is  the  e  -transport 
equation,  which  is  replaced  by 

(ae)  t  +  (aUje)^  =[(''+ ]  + 

aJ 

-hofec,  P-C^eWI^ 


where  the  constants  Og.  and  are  assigned  the 

values  corresponding  to  single-phase  flows  and  the  phase 
interaction  tenn  is  designated  by  Based  on 
dimensional  considerations  and  order  of  magnitude 
estimates  the  following  model  is  proposed, 

+  CeiK(U^-V.)^k(l-0)]} 

where  p  ^  and  kd  are  the  dispersed  phase  density  and 
fluctuating  kinetic  energy,  respectively,  a  is  the  inverse 
of  the  particle  relaxation  time,  K  =  (R/q)  +  a  \ 

R  and  q  being  the  particle  radius  and  Kolmogorov 
length  microscale  respectively  and  tL=0.5  (k/e),  V  is  the 
mean  dispersed  phase  velocity  and  o  =  +  1/a)  • 

Cj  ^  and  C  are  both  tentatively  taken  equal  to  one. 

The  phase  interaction  terms  in  the  momenmm  and 
turbulent  kinetic  energy  equations  are  modelled  as. 


-  a  V .  V . 
>  J 


.-.-Ik's,* 


I^  =  ^a(l-e) 


(k-k-) 


L  -'J  (20) 

-a«*kV.*  =  -4(a‘‘k‘‘),j 

^  ®k  (21) 

where  v’  is  the  dispersed  phase  fluctuating  velocity  and 
vd  is  the  particle  turbulent  diffusivity,  which  for  a  dilute 
dispersed  phase  is  given  by,  \d  =  Cpkd/a.  has  been  set 
equal  to  one. 

The  phase  interaction  terms  to  be  modelled  in  the 
dispersed  phase  equations  are  identical  to  those  entering 
the  fluid  phase  equations  arxl  closure  assumptions  have 
already  Imn  proposed. 

A  detailed  derivation  of  the  equations  and  a  justification 
of  the  models  are  presented  in  References  2  and  3. 


An  axisymmetric  turbulent  jet  configuration  has  been 
chosen  to  validate  this  mrxlel  for  both  single  phase  and 
two-phase  flows.  The  pressure  is  assumed  constant 
throughout  the  flow  field. 

A  classical  flnite  volume,  four  node  formula,  space 
marching,  fiiUy  implicit  scheme  has  been  used  . 

Due  to  this  particular  melhodology  applied  to  a 
parabolic  shear  flow,  the  radial  momentum  equation  is 
not  solved.  An  additional  closure  assumption  is  required 
for  Wr  =  Ur  -  Vr  (the  radial  relative  velocity)  namely 

W,  =  C  ^ 

o'*  ^  (22) 


Should  mass  transfer  at  the  interface  be  negligible  and 
for  solid  particles  the  lu,  Ik  and  le  include  all  the 
significant  phenomena  taking  place  at  the  solid/fluid 
interface. 

A  rigorous  presentation  of  the  equations  and  closure 
assumptions  is  contained  in  Reference  3. 


A  Boltzmarm  type  equation  is  assumed  to  accurately 
desoibe  the  panicle  cloud  dynamics^.^.  The  geiKralised 
transport  equation  for  die  pi^cle  velocity  distribution 
fimction  can  be  multiplied  by  any  function  of  die 
velocity  field  and  integrated  over  die  fdiase-space  in 
order  to  generate  moment  equations.  For  clouds  of  solid 
non-diffusive  particles  undergoing  elastic  coUisioRS  and 
allowing  neitto  disgregatron  nor  agglomeration, 
average  contmurty,  momentum  and  fluctuating  kinetic 
equations  are  easQy  (drtainedU. 


with  Ca  =  O.S.  Justification  for  this  hypothesis  is 
provided  in  Reference  3. 

The  standard  values  for  the  single-phase  k  -  e  model 
coefficients  are  used: 

C„  =  a09fl -0.44  0),  C-  =L44 

D  E, 

Cj^  =  1.92  (1  -a035G),o^  =  L0,  Oj  =  L3 

G  is  the  deceleration  parameter,  mrxlifying  the 
traditiorud  Cd  and  ^  values,  introduced  by  Rodino  in 

order  to  get  the  proper  single  (diase  jet  spreading  rate. 

Based  on  a  few  initial  runs,  the  preliminary  values  for 
the  additional  two-phase  model  coefficioiis  are: 

C-=0.1,o  ,,  =LO,C-  =LO,C,  =10 

•*  k*  ‘i  *4 


The  unknown  terms  are  dien  modelled  as. 
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3.1.5  Model  Piedictiom 

Available  experimental  data  for  turbulent  jets  of  air, 
laden  with  solid  particles  or  liquid  droplets  in  highly 
dilute  concentrations,  weie  scrutinized.  Restrictions 
setting  the  range  of  applicability  for  the  model,  are  not 
fully  satisfied  by  most  of  the  published  works. 
Fuithermoie,  only  a  few  publications  supply  direct 
measuiement  of  each  individual  phase,  and  on  measured 
mrbulent  parameters  and  bound^  conditions  required 
for  proper  model  calilnation.  Nevertheless,  the 
experimental  data  from  References  12  aitd  24  have  been 
selected  to  test  die  model  predictions.  Three  basic  cases 
have  been  documented; 


dissipatioo  rate  be  used,  the  closure  problem  associated 
with  die  turbulent  transport  can  also  be  avoided^.  Here 
some  preliminary  ideas  on  the  use  of  the  joint  pdf  of 
scalar  fields  and  their  gradients  are  presented)^. 

3.X1  Basic  Equations 

The  isotheimal  tuibulent  mixing  of  two  scalar  fields 
undergoing  a  second  order  chemical  reaction  obeys  the 
local  instantaneous  equation, 

L  Co  =  S„  (C)  (23) 

where 


Case 

2Rf|jml 

EAl 

RVisily 

1 

50 

0.32 

0(1) 

0(10) 

2 

50 

0.85 

0(1) 

0(10) 

3 

200 

0.80 

0(1) 

0(100) 

where  ^  stands  for  the  initial  particle  mass  loading 
ratio. 

Comparison  between  model  predictions  and 
experiments  are  shown  in  Figures  1  to  6.  Comments  ate 
self-explanatory,  r  and  x  represent  the  radial  and  axial 
coordiiiates,  respectively,  x  =  0  is  located  at  the  nozzle 
exit.  The  nozzle  diameter  is  D.  In  order  to  make  clear 
the  dispersed  phase  influence  upon  the  flow,  single  phase 
jet  measurements  and  predictions  are  included  in  each 
figure.  Single  phase  jet  data  were  taken  from  References 
24  and  35. 

Figures  1  to  3  relate  to  case  1,  the  best  documented  one. 
PredicKd  and  measured  mean  velocity,  turbulence 
intensity  and  turbulent  shear  stress  proTiles  are 
presented  for  both  phases.  The  agreement  is  reasonable. 


D  V 


(24) 


is  the  convection/diffusion  operator,  vj  (x,t)  is  the  local 
instantaneous  velocity  field  at  point  x  and  time  t,  which 
can  be  decomposed  into  a  mean  field,  Uj  (x,t),  and 
fluctuation,  uj  (x,t).  D  is  the  molecular  diffusivity 
assumed  identical  for  the  two  speceis.  C  =  (Cq)  .  for 
a=t,2,  stands  for  the  concentrations  of  the  two  chemical 
species.  Ca  (x,t)  can  also  be  decomposed  into  a  mean, 
<Ca(x,t)>,  and  a  fluctuating  field,  Ca  (x,t).  For  a 
second  order  irreversible  chemical  reaction  the 
chemical  source  term  is  expressed  as 
Sa(C)  =  -  Kt  Cl  Cz,  for  a=l  ,2,  where  Kc  is  the  chemical 
rate  constant. 


Let  the  gradient  Ca  be  defined  as  Ca  j  =  dCa/dxj.  Its 
evolution  follows  the  equation, 

as_ 

‘'^a.i  =  -  31“  ‘^a.j  TCT 

'  P  (25) 


Figures  4  and  5  refer  to  case  2.  The  values  of  the 
variables  at  the  centerline  are  slightly  underpiedicted. 
The  turbulent  axial  velocity  is  accurately  estimated. 
Centerline  velocity  values  have  been  shown  to  be  very 
sensitive  to  die  value  of  Cp. 

Figure  6  belongs  to  case  3.  Centerline  particle  and  fluid 
velocity  are  correctly  predicted.  However,  the 
computed  pirrfile  for  the  dispersed  phase  seems  to  be 
sharper  than  what  the  few  experimental  points  available 
suggests. 

3.2  TlBliulcm  Mining  md  Cbcmical  Rcaaiaa** 


SummatioD  over  repeated  latin  and  greek  indexes  is 
implied.  A  transport  equation  for  the  joint  pdf  of  the 
scalar  and  scalar-gradient  fields  can  readily  be 
derived^. 


It  seems  now  clear  that  neither  large-edify  simulation 
(LES)  nor  direct  mimeiical  simulatioa  (DNS)  can  be 
suooMsfiilly  applied  at  present  to  solve  general  tuibulent 
reacting  flow  proMems^*.  Some  mvestigators  advocate 
the  pressumtxl  pdf  mediod  fat  order  to  evaluate  die 
average  dtemical  source  teims  eruering  die  moment 
equations^.  However,  die  use  of  a  pdf  transport 
eqaatioi^'in  is  by  far  die  most  rigorous  meAodology  to 
cope  with  die  non-linear  diemical  rate  terms.  These 
terms  are  close  in  die  pdf  foimulation.  Should  a 
tiansport  equatioa  for  the  joint  pdf  of  velocity,  kinetic 
energy  disripation  rate,  concentration  and  sc^ 


-  2D 


Pi 


dC 


-IV 


)'] 

cu  I'  \  >  •  ••  /  / 


(26) 


where PdPd  X  =  P(r,  3(;t)drd  isdie probability 

m  m  m 

of  the  joint  event  S  C^  (x,t)  <  +  d  and 
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+  .Equ.(26)has 

been  restricted  to  the  case  of  statistically  homogeneous 
turbulence  and  scalar  fields.  (V  |  r,x  )  stands  for 

the  expectation  of  die  variable  V  conditional  upon 
C(x,t)  =  rand  VC(x.t)=  X 


approximate  P(r.  X  ;t) .  A  stochastic  particle  n  is  defined 

m 

by  its  cotKemration  and  concentration-gradieiit 

values,  {c^"\(VC)^”^} 

3.2.3.1  Turbulence  Straininy 


All  the  terms  on  the  left  hand  side  (LHS)  of  Equ.  (26) 
are  closed  and  physically  represent  the  accumulation  of 
probability,  the  probability  transport  in  concentration 
and  concentration-gradient  spaces  due  to  chemical 
reaction  and  due  to  molecular  mixing  of  concentrations, 
respectively.  The  terms  on  the  right  hand  side  (RHS)  of 
Equ.  (26)  are  not  closed.  The  i^hmomenon  of  turbulence 
straining  of  scalar-gradients  (similar  to  the  vortex 
stretching  mechanism  of  turbulence^)  is  adscribed  to 
the  first  term  on  the  RHS.  The  last  two  terms  represent 
the  cross-dissipation  of  scalars/scalar-gradients  and  the 
dissipation  of  scalar-gradient/scalar-gradient 
correlations  due  to  molecular  mixing,  respectively.  In 
order  to  use  Equ.  (26)  the  three  terms  on  its  RHS  must 
be  approxirruted. 

3.2.2  Turbulence  Straining  of  Scalar-Gradier  .s 

Since  a  sequential  Monte  Carlo  (MC)  simulation^r  of 
Equ.  (26)  will  be  conducted  her^ter,  the  effect  on  P  of 
the  terms  on  the  RHS  can  be  separately  treated. 


In  the  limit  of  large  turbulent  Reynolds  number  and  of 
small  time.  Kubo  technique''’  leads  to  the  following 
representation  of  the  first  term  on  the  RHS  of  Equ.  (26), 


Equ.  (28)  can  he  formally  transformed  k'>o  a  finite- 
increment  equation  by  using  the  definition  of  the  P 
derivative  a^  a  Taylor  series  expansioiL  After  a  few 
algebraic  manipulations,  die  following  stochastic  model 
(equivalent  to  a  closure  assumption)  is  proposerP*, 


The  LHS  is  the  change  experienced  during  a  time  step, 
fit,  by  the  i'l'  componeru  of  the  gradient  of  the  scalar  a 
for  the  stochastic  particle  n  at  time  t.  x,  y  and  z  ate 
constants  with  analytically  dersrmined  values. 
x=- 0.35634,  y=  2.8059,  z=- 0.8165 
T]  and  4  ate  statistically  independent  random  vectors 
with  zero  mean  and  unity  correlation  matrix. 

3  2.3.2  Molecular  Mixing 

A  recently  developed  binomial  sampling  modeP334  ^ 
used  to  close  the  last  two  terms  on  the  RHS  of  Etpi.  (26). 
Although  the  last  term  on  the  LHS  of  Equ.  (26)  is  closed, 
it  is  also  treated  in  this  manner.  It  has  b^  shown  that 
this  model  produces  a  qualitatively  reasonable  evolution 
and  the  correct  asymptotically  gaussian  relaxation  for 
large  times. 


The  subscript  1  on  the  LHS  of  Equ.  (27)  ii  .icates  diat 
the  P  variation  is  due  only  to  the  first  lenu  i/O  the  RHS  of 
Equ.  (26).  It  is  pertinent  to  remark  that  Equ.  (27) 
implies  only  mathematical  approximations  but  no 
closure  hypothesis  in  die  classical  sense. 

For  statistically  homogeneous  and  isotropic  fluctuating 
velocity-gradient  fields  and  incompressible  flows  Equ. 
(27)  finally  becomes, 

30  V  ^ak^pk  ^ij  ^at^pj  ^aj^Pi) 

a!p 

'JX-i^Xoi 

w  (2g) 

where  <c>  is  the  average  turbulent  kinetic  energy 
dissipation  rate^^  and  v  is  the  kinematic  viscosity. 

3.2.3  Monte  Carlo  Simulation 

Doe  to  the  high  dimensionality  of  P,  Equ.  (26)  is 
simulated  via  a  sequential  MC  techriique^.  Every 
physical  process  represented  by  the  various  terms  in 
Equ.  (26)  is  dien  considered  to  act  sqiarately  and 
sequentWy  uprm  N  stodiastic  particles  whi^ 


3.2.3.3  Chemical  Reaction 


The  change  of  scalar  and  scalar-gradient  in  a  time  step, 
fit,  due  to  chemical  reaction  are  exacdy  given  by. 


A  C^;Nt)=(6t)  S„  [c‘"’(t)] 


(30) 


^6. 


as„[c‘"’(t)]  („) 


dC 


,(") 


(31) 


3.2.4  Numerical  Re.<iulLs 


The  mixing  and  chemical  reaction  of  an  acid  and  an 
alkali  diluted  in  water  in  a  field  of  grid  generated 
turbulence  have  been  investigated  by  Bennani «  al^.  The 
acid  is  injected  at  die  grid  and  die  base  is  convected  by 
the  main  flow.  These  experiment  has  been  predicted 
using  the  previously  explained  pdf  methodoly.  The 
evolution  of  concentration  means  and  variances  is 
presented  in  Figure  7  showing  a  good  agreement  with 
the  experimental  data.  The  segregation  coefficieiit  in 
Figure  8  also  shows  a  reasonable  agreement  widi  die 
measured  constant  experimental  value  of  -0.7.  The 
skewness  «d  flatness  facton  for  the  concentration  and 
concentration-giadientt  are  presented  in  Figures  9  ud 
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10;  no  experimental  data  ate  available.  The  large  values 
of  the  flatness  factors  of  die  ooncentiations  are  a  clear 
indication  of  the  spatial  segregation  of  the  reactants, 
while  those  of  the  coiicentration>gradients  might  also 
reflect  the  internal  intermittency  of  die  scalar  fields.  The 
evolution  of  the  characteristic  turbulent  frequencies  for 
both  reactants  is  plotted  in  Figure  11.  Due  probably  to 
the  difference  in  the  initial  condition  of  the  acid  and  the 
base  the  frequencies  for  both  reactants  evolve  in  a 
different  way.  This  is  not  taken  into  account  in  present 
combustion  models. 

4.  CONCLUDING  REMARKS 

An  overview  of  turbulent  flow  modelling  activities  in 
Spain  have  been  presented.  Two  selected  examples  have 
been  described  in  detail:  turbulent  two-phase  flows  and 
turbulent  reactive  flows.  While  there  seems  to  be  a 
consensus  that  a  moderately  significant  progress  in  the 
last  two  decades  has  been  adiieved  in  the  field  of 
turbulence  models  using  moment  equations,  there  are 
not  reasons  to  be  so  optimistic  in  the  two  cases  described. 
The  following  comments  seem  then  pertinent: 

4.1  Turbulent  Two-Phase  Flows 

-  No  agreement  has  been  reached  on  the  local 
instantaneous  basic  equations  to  be  used  as  a  starting 
point,  in  particular  for  the  dispersed  phase.  While  some 
investigators  treat  the  dispers^  phase  as  a  continuum, 
defming  a  particle  cloud  pressure  and  viscosity,  others 
prefer  to  describe  the  particle  cloud  dynamics  in  terms 
of  moments  of  a  Boltzmann  type  equation. 

-  The  type  of  average  employed  to  generate  moment 
equations  also  leads  to  significantly  different  transport 
equation  structure. 

-  Classical  k  -  eor  Reynolds  stress  models  can  be  used 
for  the  fluid  phase.  However,  the  unknown  terms  in  the 
dispersed  ph^  equations  and  the  ;^se  interaction 
terms  deserve  special  and  careful  consideration. 

-  LES  or  vortex  dynamics  techniques  can  help  to  gain 
significant  knowledge  on  peculiar  phenomena 
influencing  the  particle  dynamics. 

-  DNS  of  some  simplified  two-phase  flow  systems  can 
provide  rational  basis  to  the  asymptotic  behavior  of  the 
pnrposed  models. 

-  Reliable  experimental  data  for  simple  flow 
configurations  to  validate  model  pr^ctions  are  scarce. 

4  7.  Tiiibiilent  Reactive  Flows 

-  The  non-linearities  in  the  chemical  source  terms 
introduce  inqiottant  difficulties  in  moment 
formulations.  Even  for  some  idealized  situations 
(diffusion  controlled  limit,  premixed  systems,  etc.) 
existing  models  are  not  as  accurate  as  desirable. 

-  The  pdf  fomialism  overcomes  the  closure  problem 
associated  with  die  chemical  source  terms.  The  closure 
of  the  molecular  difhision  eflects  has  proved  however  to 
be  a  very  difficuh  one. 


-  The  conceptually  different  framework  of  the  pdf 
methodology  makes  it  appear  somehow  unnecessarily 
cumbersome  to  some  investigators. 

-  Moreover  the  inclusion  of  tiie  velocity  and/or 
dissipation  rates  or  gradients  into  the  formulation  leads 
to  a  pdf  with  a  large  number  of  independertt  variables. 
Non-standard  Monte  Carlo  simulations  must  be  used  to 
obtain  numerical  solutions. 

-  Since  reaction  takes  place  at  the  molecular  level,  LES 
or  vortex  dynamics  techniques  ate  also  confronted  with 
closure  problems  identical  to  those  present  in  moment 
formulations. 

-  DNS  of  simpliried  chemical  kinetics  in  simple  flows 
can  be  of  some  he^  as  a  guidance  for  the  asymptotic 
behavior  of  models. 

-  Most  available  experimental  data  pertain  to  the  field  of 
turbulent  combustion.  Experiments  on  irreversible 
bimolecular  chemical  reactions  in  incompressible  grid- 
generated  turbulence  where  the  interactions  among 
turbulent  straining,  molecular  mixing  and  chemical 
reaction  can  best  be  evaluated  are  badly  needed  in  order 
to  validate  model  predictions. 

In  summary,  in  the  foreseable  future  significant  effort 
will  be  required  to  model  turbulent  two-phase  and 
reactive  flows.  A  judicious  combination  of  physical 
insight,  theoretical  developments,  analysis  via  LES 
and/or  DNS  of  simplified  flows  and  examination  of 
reliable  experimental  data  is  the  best  support  for 
successful  modelling  endeavors. 
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Figure  9.  Evolution  of  the  skewness  coefficients  and 
flatness  factor  of  two  reactive  scalars 
(Kc  =  47.5  l/mol  s). 


Figure  11.  Evolution  of  the  characteristic  turbulent 
frequencies  of  two  reactive  scalars 
(Kc  =  47.5  l/mol  s). 


Figure  10.  Evolution  of  the  skewness  coefficients  and 
flatness  factor  of  two  reactive  scalar  cradiems 
(downstream  direction  derivative)  (Kc  =  47.5  l/mol  s). 
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SUMMARY 


In  this  paper,  applications  of  various  turbu¬ 
lence  models  to  aifferent  flow  problems  that 
have  recently  been  carried  out  in  Turkey  are 
presented.  Navier-Stokes,  boundary  layer  and 
vorticity-stream  function  methods  are  used  to 
solve  two-  or  three-dimensional  steady /unsteady 
flow  problems.  Examples  are  given  in  low- 
speed  and  transonic  flow  regimes  for  axisymmet- 
rlc  bodies,  urfoils,  rigid  rmples  and  jet  flows. 
Different  turbulence  models  are  used  such  as 
algebraic,  half-equation  and  k  -t  models.  It 
has  been  demonstrated  that  improved  accura- 
cies  can  be  obtained  by  using  the  so-calied  half¬ 
equation  (nonequilibrium)  turbulence  model  for 
some  three-dimensional  conflgurations.  Suitabil¬ 
ity  of  different  turbulence  models  is  explored  for 
a  variety  of  flow  eases  such  as  dynamic  stall,  jets- 
in-crossflow  and  oscillatory  boundary  layers. 

INTRODUCTION 


Turbulence  modeling  and  grid  generation  seem 
to  be  the  most  important  issues  for  computa¬ 
tional  fluid  dynamics  today.  Although  the  algo¬ 
rithms  have  reached  to  a  relative  state  of  matu¬ 
rity  in  some  areas,  turbulence  modeling  remains 
as  a  major  difficulty  for  many  flow  problems. 
Recognicing  this  fact,  in  parallel  to  the  efforts 
going  on  in  the  world,  there  have  been  some  ef¬ 
forts  In  Turkey  to  contribute  to  our  understand¬ 
ing  of  turbulence.  The  activities  are  generally 
concentrated  on  the  computational  sia^3  of  the 
turbulence  modeling.  Two  of  the  major  cen¬ 
ters  for  incre:ised  activity  in  turbulence  are  the 
TUSAS  Aerjspace  Industries  (TAI),  Inc.  and 
the  Middle  East  Technical  University  (METU). 
In  this  paper,  firstly  the  following  model  prob¬ 
lems  that  have  been  studied  at  TAI  are  consid¬ 
ered:  calculation  of  a  low-speed  infinite  swept 
wing  flow  using  the  boundary-layer  equations, 
calculation  of  an  axisymmetric  bump  problem 
in  transonic  flow  using  the  Thin- Layer  Navier- 
Stokes  (TLNS)  equations,  calculation  of  the  dy¬ 
namic  stall  of  a  NACA0012  rirfoil  using  the 
TLNS  equations,  and  numerical  simulation  of 
the  jets-in-crossflow  problem  using  the  TLNS 
equations.  In  all  these  problems,  sero-  or  half- 
equation  models  have  been  used.  The  main 
theme  of  the  research  conducted  at  TAI  has 
been  the  extension  of  the  half-equation  turbu¬ 
lence  model  of  the  Johnson  and  Kfng>  Into  three- 
dimensions.  This  model  is  particulary  attrac¬ 
tive  because,  in  the  past,  much  Improved  accu¬ 
racies  have  been  obwuM  for  two-dimensional 
flow  problems  at  a  little  extra  cost.  Three- 
dimensional  extentlon  of  this  model  was  success¬ 
fully  tested  for  the  first  two  of  the  problems 
enumerated  above.  Secondly,  two  more  exam¬ 
ples  are  given  related  with  the  research  dons  at 
METU:  computation  of  the  unsteady  turbulent 
flow  over  rough  surfaces  uring  a  vortfclty-stream 
function  formulation  with  a  t-<  model,  and  ex¬ 
tension  of  the  law-of-the-wsll  for  conduits  hav¬ 
ing  sharp  comers.  In  the  following  lines,  each  of 
these  model  problems  will  be  presented: 


RESULTS 

1)  Gskalatka  of*  Low-SpMd  laSsIto  Swept- Wlag  Flow 

The  Berg  and  Elsenaar*  incompressible  turbu¬ 
lent  boundary  layer  experiment  under  infinite 
swept  wing  conditions  was  chosen  to  compare 
the  performances  of  the  zero-equation  algebraic 
model  of  the  Cebeci  and  Smith’  and  the  half¬ 
equation  turbulence  model  of  the  Johnson  and 
King’  as  extended  to  three-dimensions.  The 
Johnaon-King  model  which  includes  the  non¬ 
equilibrium  effects  in  a  developing  turbulent 
boundary  layer  was  found  to  signincantly  im¬ 
prove  the  predictive  quality  of  a  direct  bound¬ 
ary  iayer  method.  The  improvement  was  espe- 
ciaily  visible  in  the  computations  with  increarcd 
three-dimensionality  of  the  mean  flow,  iarger  in¬ 
tegral  parameters,  and  decreasing  eddy-viscosity 
and  shear  stress  magnitudes  in  the  streamwise 
direction;  all  in  better  agreement  with  the  ex¬ 
periment  than  simple  mixing-length  methods. 
The  Johnson-King  model  accounts  for  the  con¬ 
vection  and  diffumon  effects  by  solving  an  ordi¬ 
nary  differential  equation  (o.d.e.)  governing  the 
streamwise  development  or  the  maximum  shear 
stress  derived  from  the  turbulent  kinetic  energy 
(t.k.e.)  equation.  The  o.d.e.  was  originally^  d^ 
rived  in  two-dimensions.  For  three-dimensions, 
this  o.d.e.  was  simply  interpreted  as  an  equa¬ 
tion  governing  the  development  of  the  maximum 
shear  stress  on  a  local  streamline.  This  offers 
a  lot  of  simplicity  and  economy  in  three  dimen¬ 
sions. 

In  the  Berg-Elsenaar*  experiment,  an  adverse 
pressure  gradient  is  appli^  on  a  35*  swept  flat 
plate.  In  the  leading  edge,  the  turbulent  bound¬ 
ary  layer  is  very  nearly  two  dimensional.  Down¬ 
stream  it  becomes  three-dimensional  due  to  the 
sweep  angle  and  the  adverse  pressure  gradient 
(Fig.  1).  The  difference  between  the  wall  flow 
an^e  (p,),  and  the  flow  angle  at  the  boundary- 
layer  edge  (a.)  that  is  lA>)  is  seen  to  increase 
fast  in  the  downstream  direction.  Near  measur¬ 
ing  station  9  the  wall  flow  angle  exceeds  P.  -  U, 
which  means  that  the  flow  is  ]»rallel  to  the  plate 
leading  edge  showing  separation. 

Calculations  were  done  on  a  grid  with  dimen¬ 
sions  »  X  10  x  M  in  streamwise,  spanwise  and 
normal  directions  respectively,  using  the  Van 
Daisem  and  Steger*  time-relaxation  algorithm 
in  the  direct  mode.  On  the  IBM  3090  Model 
150E  scalar  computer  installed  at  TAI,  the  CPU 
time  for  the  Johnson-King  model  was  only  20% 
higher  than  the  Cebecl-Smith  model  and  about 
the  same  number  of  Iterations  were  required  for 
convergence.  Figure  2  shows  the  angle  fc  be¬ 
tween  the  wall  ^ear  stress  vector  and  the  ex¬ 
ternal  streamline  of  the  boundary  layer.  The 
baseline  C>becl-Smith  model  departs  from  the 
experiment  after  the  fifth  station.  The  integral 
method  of  Conateix*  doesn’t  fare  better  as  it  de- 

Bsrts  after  the  third  statioa.  The  NLR  method* 
sa  very  close  to  the  Cebsci-Suith  model.  On 
the  other  hand,  the  present  method  goes  as  for 
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as  the  seventh  station,  than  nearing  the  separa¬ 
tion  fails  to  go  any  further. 

In  fact,  it  is  known  that  an  indirect  procedure 
is  needed  to  handle  the  separation,  but  in  this 
instance  the  success  of  the  turbulence  model  is 
measured  by  how  far  downstream  it  can  go  be¬ 
fore  diverging  from  the  experiment.  As  for  the 
integral  parameters.  Fig.  3  shows  the  stream- 
wise  displacement  thickness  for  the  various  mod¬ 
els  compared  with  the  experiment.  The  nonequi- 
librium  model  yields  thicker  displacement  thick¬ 
nesses  than  the  baseline^  (and  other)  models.  A 
turbulent  eddy  viscosity  profile  (at  Station  7) 
is  presented  in  Fig.  4  which  shows  that  the 
nonequilibrium  model  cuts  down  the  outer  por¬ 
tion  of  the  eddy  viscosity  significantly  in  a  better 
agreement  with  the  experiment.  Finally,  Figs.  5 
and  6  show  the  streamwise  and  crossflow  veloc¬ 
ity  profiles  inside  the  boundary  layer.  Again,  the 
nonequilibrium  model  gives  closer  results  to  the 
experiment  than  the  baseline  model.  For  further 
details,  the  reader  is  referred  to  Ref.  7  on  this 
subject. 

1)  TatbakiKe  ModsUng  StodlM  for  TVansoalc  SoponM 
Flows 

The  aerodynamic  characteristics  of  aircraft  in 
the  transonic  regime  are  very  sensitive  to  the 
viscous  effects,  and  the  seiection  of  the  turbu¬ 
lence  model  la  no  leas  important  than  the  selec¬ 
tion  of  the  numerical  algorithm.  It  is  well  known 
that  turbulence  is  slow  to  respond  to  changes  in 
the  mean  strain  field.  The  so-called  equilibrium 
models  that  are  widely  used  in  Navier-Stokes 
computations  fail  to  model  this  aspect  of  the  tur¬ 
bulence  and  exaggerate  the  turbulent  boundary 
layer’s  ability  to  produce  the  turbulent  Reynolds 
shear  stresses  in  regions  of  adverse  pressure  gra¬ 
dient.  As  a  consequence,  too  little  momentum 
loss  within  the  boundary  layer  is  predicted  in  the 
region  of  the  shock  wave  and  along  the  aft  part  of 
the  aerodynamic  body.  This  in  turn  causes  the 
equilibrium  models  to  predict  the  shock  waves 
too  far  aft  of  the  experiment. 

Recognizing  the  shortcomings  of  the  equilib¬ 
rium  turbulence  models,  a  collaborative  research 
project  between  the  TAl  and  NASA/ Ames  Re¬ 
search  Center  was  started.  The  purpose  of  the 
project  was  to  explore  the  possibilities  of  the  ex- 
tenlion  of  the  Johnson-KIng  model  into  three- 
dimensions  for  use  in  the  Navier-Stokes  flow 
solvers.  Under  this  project,  a  computer  program 
was  written  for  the  Navier-Stokes  flow  solvers  in 
general  curvilinear  coordinates  using  the  stream- 
wise  integration  of  the  governing  o.d.e.  for 
nonequlliorium  effects.  The  streamwise  integra¬ 
tion  idea  was  provoked  by  the  fact  that  the  t.a.e. 
equation  upon  which  the  present  o.d.e.  was  de¬ 
rived  describes  the  time  rate  of  change  of  the 
turbulent  kinetic  energy  /tUtumf  m  fmi  ftriuh. 

In  this  study,  the  NASA-Ames  ARCSO*  finite- 
difference  Thin-Layer  Navier-Stokes  flow  solver 
was  used.  The  preliminary  calculations  using 
the  newly  written  turbulence  model  were  done 
on  the  axisvmmetric  bump  flow  experiment  of 
Bachalo  ana  Johnson.*  In  tnts  experiment,  a  thin 
wailed  cylinder  (15.2  outer  diam.)  with  an  ax- 
iaymmetrlc  circular  bump  attached  61  cm.  from 
the  cylinder  leading  edge.  The  bump  has  a  thick¬ 
ness  of  1.9  cm.  and  a  chord  length  of  30.3  cm. 
The  model  was  specifically  designed  to  simulate 


the  type  of  viscous-inviscid  interactions  that  can 
develop  on  airfoil  sections  at  transonic  condi¬ 
tions,  and  the  model  was  tested  in  Ames  2-by-2 
foot  transonic  wind  tunnel  and  6-^-6  foot  su¬ 
personic  wind  tunnel.  A  flnite-dinerence  grid 
was  algebraically  generated  to  simulate  the  arc 
bump  (Fig.  7).  It  has  dimensions  tlxSxti  in 
the  streamwise,  circumferential  and  normal  di¬ 
rections  respectively.  Since  the  experiment  is 
axisymmetric,  only  5  planes  were  used  in  the  cir¬ 
cumferential  direction  in  a  90  deg.  pie.  The  pre¬ 
liminary  runs  were  done  at  TAI’s  IBM  3090  150E 
computer  using  the  ARC3D‘  flow  solver.  The 
computations  were  also  repeated  at  the  NASA- 
Ames  Research  Center  using  the  Cray  Y-MP  and 
Cray-2  supercomputers.  The  fine  grid  size  was 
IStxSxiS.  The  Mach  number  in  the  experi¬ 
ment  was  0.875  and  the  Reynolds  number  was 
13.txll)*/m. 

Results  of  the  axial  bump  simulation  are  shown 
in  Figs.  8-11.  In  Fig.  8,  coefficients  of  pres¬ 
sure  for  the  equilibrium  models  of  Cebeci  and 
Smith*  (C-S)  and_  Baldwin  and  Lomax**  (B-L) 
and  the  nonequilibrium  model  of  Johnson  ana 
King*  (J-K)  are  compared  against  the  exper¬ 
imental  data.  As  seen,  the  equilibrium  models 
predict  shocks  too  aft  of  the  experimental  one 
in  result  of  the  rapid  rise  in  the  shear  stress 
and  leaser  bounda»  layer  growth.  The  pres¬ 
sure  plateau  that  forms  because  of  the  shock 
induced  s^aration  is  just  nonexistent.  On  the 
other  hand,  using  the  J-K  model  correctly  pre¬ 
dicts  the  exact  shock  location  as  well  as  the  pres¬ 
sure  plateau  after  the  shock.  Figure  9  compares 
the  displacement  thicknesses  around  the  trailing 
edge  and  again  demonstrates  the  ability  of  the 
J-K  model  to  produce  a  more  accurate  viscous 
layer  powth.  Figure  10  shows  the  streamwise 
variation  of  the  maximum  shear  stress  for  the 
experiment  and  computations.  The  C-S  model 
predicts  a  rapid  rise  in  the  shear  stress  typical 
of  that  model,  whereas  the  J-K  model  predicts 
a  smoother  rise.  Also,  the  C-S  model  displays  a 
faster  decay  rate  for  the  shear  stress  than  for  the 
J-K  model.  In  Fig.  11,  the  boundary  layer  mean 
velocity  profiles  are  given  at  the  trailing  edge 
of  the  hump.  The  J-K  model  is  clearly  superior 
over  the  equilibrium  models  inside  the  boundary 
layer.  The  axial  bump  experiment  was  a  model 
problem  to  check  the  penormance  of  the  new 
turbulence  model.  Work  is  underway  to  test  the 
new  model  for  a  truly  three-dimensional  problem 
such  as  a  finite  wing. 

S)  Cskslallos  d  tks  Dynamic  Stall 

In  parallel  to  the  efforts  going  on  in  the  steady 
three-dimensional  low-speed  or  transonics  area 
as  described  above,  unsteady  motion  of  airfoils 
including  dynamic  stall  is  also  Investigated.  The 
purpose  of  this  research  is  to  assess  the  im¬ 
portance  of  the  turbulence  model  for  the  dy¬ 
namic  stall  phenomenon,  and  explore  the  suit¬ 
ability  of  the  J-K  model  for  this  type  of  flow. 
Minority  of  the  numerical  simulations  encoun¬ 
tered  in  the  literaure  seems  to  be  conducted  for 
laminar  flows.**  For  turbulent  flows,  a  compu¬ 
tational  study  was  recently  made  by  Rumsey 
Anderson'*  for  unsteady  Mifoil  motion.  In  their 
study,  significant  differences  between  the  B-L 
model  and  J-K  model  were  found  which  showed 
a  need  for  further  studies  on  this  line.  The 
light  and  deep  dynamic  stall  regimes  are  con¬ 
sidered  In  the  present  research.  Especially,  the 
light  stall  is  probably  the  one  that  most  war- 
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rants  concentrated  research  efforts."  Thin- Layer 
Navier-Stokes  (TLNS)  equations  are  solved  us¬ 
ing  the  implicit  approximate  factorization  algo¬ 
rithm  of  the  LU-ADI  type  due  to  Obayashi  and 
Kuwahara."  An  unsteady  version  was  developed 
b  y  including  the  time  metrics  in  the  program  and 
using  the  unsteady  normal  momentum  equation 
for  the  surface  pressure  computation  while  im¬ 
posing  the  boundary  conditions.  A  steady  grid 
of  a  nACA0012  airfoil  is  harmonically  osculated 
around  the  (quarter  chord  with  an  angular  ve¬ 
locity  determined  from  the  nondimensionat  pitch 
rate. 

Firstly,  a  light-stall  case  was  run  without  us¬ 
ing  any  turbulence  model.  Fig.  12  shows  the 
Ct-a  curve  of  the  Case-7  of  the  Ref.  13.  The 
prescribed  motion  is  a(l)  >  10*-f  where 

It  =  uejJDeo  is  the  reduced  frequency  and  taken 
as  0.1.  The  flow  conditions  are  M>,  »  0.3  and 
Rea,  s  4x10*.  This  laminar  result  is  far  off  from  the 
experiment  as  might  be  expected.  In  fact  such  a 
highly  oscillatory  lift  hysteresis  curves  were  also 
produced  in  Ref.  11  using  a  block- pentadiagonal 
scheme.  On  the  contrary,  Fig.  13  shows  the 
turbulent  flow  computation  using  the  Batdwin- 
Lomax  model.  In  this  computation,  dynamic 
stall  break  could  not  be  obtained  with  the  nom¬ 
inal  conditions.  The  reason  for  thu  is  not  clear 
at  the  moment.  One  reason  ma]r  be  the  wind 
tunnel  wall  effects.  Free  air  grid  in  the  present 
simulation  may  not  be  capable  of  producing  the 
necessary  conditions  for  tne  stall  break.  Transi¬ 
tion  or  the  turbulence  model  may  be  other  rea¬ 
sons.  However,  when  a  deep  stall  case  was  tried, 
the  airfoil  stalled  as  shown  in  Fig.  14.  The  pre¬ 
scribed  motion  was  a(l)  «  is*  +  6*«a(2K»U),  Work 
is  in  progress  in  this  area,  and  beside  trying  to 
answer  the  above  questions,  the  suitability  and 
performance  of  the  J-K  model  for  dynamic  stall 
will  also  be  explored. 

4)  Nonwrical  Slnulatloo  of  3«t»4n4>oMlaw 

Accurate  prediction  of  jet  flows  is  very  impor¬ 
tant  in  designing  V/STOL  aircraft  in  which  jet 
flows  from  vectored  nozzles  provide  the  lift  for 
take-off  as  well  as  the  thrust  for  manevouring 
during  the  flight  or  hover.  Elspecially  important 
are  the  events  when  the  aircraft  is  close  to  the 
ground  in  which  the  ground  effect  takes  place. 
Turbulence  modeling  plays  a  very  important  role 
in  numerical  simulation  of  jets.  Without  an  ad¬ 
equate  turbulence  model  the  mixing  in  the  sepa¬ 
ration  and  circulation  behind  the  jet  in  crossflow 
is  underestimated.  This  causes  a  larger  recir¬ 
culation  region  and  the  calculated  surwe  pres¬ 
sures  are  lower  than  the  actual  values,  thus  the 
lift  loss  below  the  wing  of  a  V/STOL  aircraft 
may  be  overestimated,  in  order  to  improve  our 
understanding  of  jets  in  crossflow  and  develop 
a  computational  tool  for  such  predictions,  a  co¬ 
operative  research  project  was  started  between 
the  TAI  and  the  General  Dynamics  Ft.  Worth 
Division.  Under  the  agreement,  some  jets-in- 
crossflow  problems  such  as  a  slot  jet  or  circular 
jet  ejecting  from  a  flat  plate  were  numerically 
studied.  Data  are  available  for  these  configu¬ 
rations  1^  Kavsnoglu  and  Schetz."  The  NAsA- 
Ames  ARCSD*  program  was  used  as  the  flow 
solver. 

In  the  simulations,  the  Baldwin- Lomax"  model 
was  used  in  regions  close  to  the  solid  boundary 
and  Prandtl  muclng  length  model"  was  used  for 
the  jets.  No  turbulence  model  was  used  in  the 


large  recirculation  region  behind  the  jets.  The 
experimental  conditions  were  the  free  stream 
Mach  number  llf»  «  03»,  jet  exit  Mach  number 
Uf  •  U,  and  the  Reynolds  number  •  3tno 
(based  on  the  Jet  diameter  and  freestream  ve¬ 
locity).  In  the  computations,  twice  the  velocity 
values  of  the  experiment  (JU^  s  o.l,  J/<  •  0.4)  were 
used  keeping  the  jet  to  crossflow  velocity  ratio 
the  same  (XBJ4a,yjir<-4).  This  was  done  for  run¬ 
ning  the  compressiDle  code  more  efficiently.  Re¬ 
sults  of  the  computations  are  presented  in  Figs. 
15  and  16.  Figure  IS  shows  the  velocity  vectors 
of  the  ejweriment  and  computation  for  the  circu¬ 
lar  jet.  The  grid  (63x21x43)  was  rather  coarse  in 
the  computations  due  to  computer  limitations. 
Only  7  points  were  used  for  half  of  the  jet  ori¬ 
fice.  Figure  16  shows  the  top  view  of  the  jet  com¬ 
paring  the  surface  pressures  of  the  experiment 
and  computation  side  by  side.  The  agreement  is 
uite  encouraging  despite  the  complexity  of  the 
ow  and  the  coarse  grid  used.  It  is  quite  possible 
to  use  algebraic  models  for  such  simple  configu¬ 
rations,  but  for  more  complex  or  realistic  config¬ 
urations  it  should  become  exceedingly  difficult 
to  determine  the  velocity  and  length  scales.  In 
that  case,  using  a  local  model  such  as  l-t  model 
appears  to  be  inevitable. 

6)  Cslrnlatliia  of  Oadllaliwy  Boanduy  Layan  Onr  Rigid 
Ripiiiw  IWagal-r  Modal 

For  a  correct  prediction  of  the  time-dependent 
turbulent  structure  in  unsteady  flows,  the  par¬ 
tial  differential  equations  (p.d.e.)  of  the  motion 
should  be  solved  from  surface  to  the  outside  of 
the  boundary  layer.  In  this  case,  the  p.d.e. ’s 
need  to  be  modified  for  the  viscous  stresses  and 
wall  proximity  where  extra  dissipation  terms  ap¬ 
pear.  Also  another  modification  is  neceesan  to 
account  for  the  surface  roughness  effect.  Such 
models  are  usually  called  low-Reynolds  number 
models  since  the  viscous  effects  become  more  sig¬ 
nificant  when  the  Reynolds  number  is  not  hiM 
enough.  A  vorticity-stream  function  formula¬ 
tion  coupled  with  the  k-t  equations  was  used  to 
solve  the  unsteady  turbulent  flow  field  over  rigid 
ripples  with  roughened  surfaces."  Comparison 
measurement  and  calculation  for  the  velocity 
vectors  is  shown  in  Fig.  17.  The  velocity  fields 
agree  well  as  far  as  the  temporal  development  of 
flow  field  is  concerned.  However  the  measured 
vortex  structure  is  more  elongated  in  the  stream- 
wise  direction  whereas  the  computed  one  is  more 
round.  It  seems  that  important  sources  of  dis¬ 
crepancy  between  the  measurement  and  the  com; 
putation  are  the  assumption  of  isotropic  turbu¬ 
lence  and  the  effect  of  unsteadiness. 

S)  Extesttos  ef  the  tk*  Isw-efcthe-WiB  to  OosdalU  Bavlsf 
Sharp  Cocsan 

A  8tudy"has  been  done  by  Prof.  Ciray  and  his 
students  at  Aero.  Eng.  Dept.,  METTU,  for  en¬ 
larging  the  range  of  applicanllity  of  the  law-of- 
the-wall  to  conduits  having  sharp  comers.  It  was 
shown  that  the  mbcing  length  formulation  of  tur¬ 
bulent  shear  stress  and  the  ensuing  assumptions 
leading  to  logaritmic  portion  of  the  law-of-the- 
wall  for  two-dimensional  attached  boundary  lay¬ 
ers  may  be  used  to  obtain  velocity  distributions 
in  the  conduits.  These  conduits  nave  rectangu¬ 
lar  or  triangular  cross  sections  in  which  flow  can 
be  confined  or  unconflned.  It  was  found  that 
the  developed  formulas  are  caMble  of  producing 
wall  shear  stresses  close  to  5%  of  the  measurea 
values,  except  at  deep  corners  where  deviations 
axe  leas  than  10%. 
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CONCLUSION 

ImplementatioD  of  the  Jolinson'Kiiig  model  in 
three-dimensions  improves  the  predictive  nccu- 
raciee  of  the  boundary-layer  and  Navier-Stokes 
solutions  for  low-speed  and  transonic  flows  re¬ 
spectively.  Work  now  is  in  progress  to  imple¬ 
ment  thw  model  for  transonic  separated  wing 
flows  uring  the  TLNS  equations.  Suitibility  m 
the  Johnson-King  modei  for  dynamic  stall  simu¬ 
lation  is  also  being  explored.  Algebraic  models 
have  been  found  to  perform  reasonably  well  for 
simple  jet-in-crossflow  problems,  but  more  so¬ 
phisticated  situations  or  realistic  conflgurations 
seem  to  call  for  a  higher  order  model  such  as  the 
h-i.  model. 
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FIGURES 


Fig.  1)  The  wall  streamllnss  and  related  aules 
for  the  Infinite  swept  wing  experiment  of  Berg 
and  Elsenaar.' 


Fig.  2)  Ths  wall  streamline  angle  relative  to  the 
boundary-layer  edge  streamline. 


Fig.  5)  The  etreamwise  velocity  profiles  of  the 
computation  and  measurement. 
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Pig.  8)  The  coefflcient  of  preeeure:  A(.  -  0478, 
Jtibo  -  l&<  X  io*/m  (^L,  Baldwin- Lomax,  C-S, 
Cebeci-Smith,  J-K  Johnaon-King  models). 


Fig.  10)  The  streamwise  variation  of  the  maxi¬ 
mum  shear  stress. 


Fig.  11)  The  boundary-layer  mean  velocity  pro¬ 
files  at  the  traiUng-edge  LO. 
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Fig.  12)  Coefficient  of  lift  hystereaie  for  the  Fig.  13)  Coefficient  of  lift  hysteresis  using  the 
laminar  flow  over  the  NACA0012  airfoil,  <r(i)  -  Budwin-Lomax  turbulence  model,  light  stall: 
10*+S»«ii(JM»«)  Moo«04,  Heoo-lxlO*).  a(l)9lO*4^S*n»(2M,ob)  (t  =  0.1,  fie.,  x  10»). 
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Fig.  14)  Coefficient  of  lift  hysteresis  using 
the  Baldwin-Lomax  and  Cebeci'Smith  turbu¬ 
lence  models,  deep  stall:  «(«)  =  16*  +  6»»i»{W.jK) 
(t»0.15,M„  =  0J,  fie.,  =  4xl0*). 
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Fig.  15)  Comparison  of  the  experimental  and 
computational  velocity  vectors  for  a  circular  iet 
(Exp:  lUmOM,  My > 0.2;  Comp:  M.-t.i,  W,.o.4]. 


Fig.  16)  Top  view  of  the  jet  orifice  compar¬ 
ing  the  experimental  and  computational  eurtace 
prenure  coefltcienta  on  the  plate. 


Fig.  17)  Comparbon  the  computed  and  mea¬ 
sured  velocity  field  of  the  oeclUatory  boundary 
layers. 
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^STRACT. 

This  p«p«r  is  prspsrsd  as  a  contribution 
to  th«  discussion  by  thm  Fluid  Dynamics 
Pansl  o-f  AGARD  (Frlsdrichshaf  an  April 
1990)  on  ths  suitability  04  turbulanca 
modsls  in  41om  calculations.  Tha  viaws 
axprassad  ara  thosa  o4  tha  author 
alona. 

Howavar  a  numbar  o4  sroups  in  UK  hava 
suppliad  information  to  tha  author 
9ivin9  viaws  on  tha  status  of  tha 
mathodolosy  eurrantly  in  usa.  Tha  papar 
cannot  1  hOMavar*  ba  rasardad  as  a 
daflnitiva  statamant  on  tha  ovaralll 
mathodolosy  in  raspact  of  turbulanca 
modal s  eurrantly  in  usa  in  UK  at  tha 
prasant  timat  and  tha  succaas  or 
otharMisa  groups  hava  had  with  raspact 
to  thasa  modals.  To  obtain  this 
information  was  bayond  tha  rasourcas  of 
tha  author  and  would  inavitably  hava  lad 
to  a  duplication  of  affort*  sinca  part 
of  this  work  is  alraady  tha  subjact  of 
Xntarnational  maatlngs  and  plannad 
confarancas  and  workshops.  It  was  a 
prima  aim  of  tha  1980-1961  Stanford 
Confarancai  and  will  ba  in  tha  Stanford 
Workshop  plannad  for  naxt  yaar«  to 
invastigota  tha  rallabillty  of  tha 
savaral  turbulanca  modals  in  pradicting 
tha  propartias  of  cartain  complax 
turbulent  flows  for  which  good*  raliabla 
and  indapandantl y  assassad  axparimantal 
data  was  aval  labia.  Each  of  thasa  flows 
was  complaxf  in  tha  sansa  that  it 
involvad  mora  than  ona  rata  of  strain* 
and  yat  thasa  flows  wars  far  simplar 
than  tha  majority  of  flows  which  ara 
currently  being  exposed  to  CFD  codas  at 
tha  present  time. 


1.  INTRODUCTION^ 

During  tha  past  decade  tha  interest  in 
Computational  Fluid  Dynamics  involving 
turbulent  flows*  which  had  always  bean  a 
major  activity  in  tha  Aeronautical 
Industry*  has  bean  expanded  from 
sporadic  usa  in  Mechanical*  Chemical  and 
Nuclear  Engineering*  by  way  of  example* 
to  major  user  interest  in  both  external 
and  internal  fluid  flow  problems.  The 
numbar  of  users  of  CFD  codes*  including 
turbulent  flow  modals*  in  UK  alone  is 
very  large  and  they  cover  a  very  wide 
variety  of  different  fluid  flow 
interests  and  problems.  In  many  of  these 
flow  cases  good  reliable  experimental 
data  does  not  exist*  and  there  is  no 
yardstick  which  can  be  used  to  establish 
if  the  results  obtained  from  a  given 
code  ara  reliable*  either  qualitatively 
or  quantitatively.  Thus  in  *this  review 
tha  author  mainly  concentrates  on  the 
strengths  and  weaknesses  of  the  various 
turbulence  models  in  usa  at  present. 

A  subject  of  major  importance*  and  one 
which  is  not  addressed  in  detail  in  this 
paper*  is  that  concerning  tha  numerical 
methods  employed  in  solving  the 
turbulent  flow  aquations.  In  the 
calculations  of  inviscid  codes  high 
levels  of  numerical  diffusion  ara  used 
to  obtain  converged  results.  Tha  direct 
extension  of  thasa  techniques  to  tha 
Reynolds-averaged  Naviar-Stokas 
aquations*  which  include  turbulent  flow 
modals*  has  often  masked  the  performance 
of  the  turbulence  model.  Major  attention 
needs  to  be  directed  towards  numerical 
methods  which  obtain  results  from  the 
Reynolds-averaged  equations  using  very 
small  valuss  of  numerical  diffusion*  in 
order  to  be  confident  that  a  judgement 
can  be  made  on  the  performance  of  a 
given  turbulence  model.  Coupled  with 
this  is  ths  problem  of  grid  generation 
and  the  type  of  grid  employed* 
egpeclally  in  regions  of  curved  walls 
and  in  flows  involving  two  and 
three-dlmengional  aeparatien.  At  the 
1980-1981  Stanford  Conference  one  of  the 
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of  uncertainty  in  the 

results  received  from  the  verious 
turbulence  model 1 ins  9roups  was  thet 
concernin9  numerical  errors.  The  UK 
9roups  have  also*  eore  recently*  had 
experience  Mhere  different  numerical 
methods*  usins  the  same  turbulence 
model*  have  led  to  Mide  differences  in 
the  final  results  for  such  basic 
quantities  as  mean  wall  shear  and  mean 
velocity  distributions.  Obviously  such 
discrepancies*  arisins  from  numerical 
errors  can  be  corrected*  but  until  they 
are  done*  it  is  pointless  to  attempt  an 
appraisal  of  the  different  turbulence 
models  in  use  and  to  draw  definitive 
conclusions  as  to  which  model  performs 
best  in  which  flow*  and  whether  one 
model  performs  satisfactorily  over  a 
ranse  of  turbulent  flows. 

A  further  problem  concerns  what  is 
usually  referred  to  as  'engineerins 
accuracy'.  There  are  certainly  available 
today  many  commercial  turbulent  flow 
field  codes  which  are  widely  used  and 
which  produce  answers  to  a  wide  variety 
of  turbulent  flows*  both  two  and 
three-dimensional.  Most  of  these  results 
are  found  to  be  qualitatively  correct 
and  physically  significant.  They  are 
useful  in  various  stages  of  design  and 
their  usefulness  outweighs  any  errors 
that  may  arise  in  these  methods*  from 
either  the  inadequacy  of  the  turbulence 
model  or  the  numerics  employed  in  the 
code.  They  provide  more  information 
about  a  flow  field  than  can  possibly  be 
achieved  by  experimental  means.  They 
also  possess  the  capability  of  providing 
new  and  important  information  about  the 
flow*  which  would  otherwise  not  be 
known.  Thus  it  is  often  quoted  that 
these  codes  produce  results  to  good 
engineering  accuracy*.  Thus  one  major 
goal  of  this  'Technical  Status  Review* 
and  the  forthcoming  International  Review 
Workshops  and  Meetings*  and  especially 
the  Stanford  Workshop*  must  surely  be  to 
spell  out  the  Test  Cases  against  which 
all  Codes  should  be  calibrated*  and  with 
the  knowledge  that  a  given  turbulence 
model*  and  a  given  numerical  scheme  will 
in  a  specified  number  of  different  flow 
domains  generate  results  of  a  certain 
quotable  accuracy. 


2.  BACkQftQUND 

From  the  earliest  of  times  observations 
of  fluid  flow  have  shown  that  the  normel 
state  of  fluid  motion  is  turbulent. 
However  the  descriptive  term  dynamics 
of  turbulent  motion*  is  due  to  Lord 
Kelvin.  It  was  however  the  work  of 
Osborne  Reynolds  and  others  that 
proposed  that  the  dynamics  of  turbulent 
motion  can  be  described  by  an  eddy 
viscosity  which  augments  the  dynamic 
viscosity  of  the  fluid*  but  which  unlike 
it  is  e  function  of  the  flow  rather  then 
of  the  fluid.  Indesd  Reynolde<l> 
propoeed  that  turbulent  motion  be 
described  as  a  random  rapidly 
fluctuating  velocity  e'<s*t)»  about  a 
local*  and  slowly  varying  mean  velocity* 


Q(Ktt)«  with  the  instantaneous  velocity 
being  q<x«t)  «  0(M*t)  *  q*<x*t).  In  the 
case  of  steady*  or  stationary  mean  flow* 
the  slowly  varying  mean  velocity* 
0<M«t)*  is  independent  of  time.  The  long 
time  average  of  q’  is  zero. 

Reynolds  further  noted  that  the  long 
time  average  of  the  non-linear  inertial 
terms  in  the  equations  of  fluid  flow* 
generate  a  product  of  the  mean  flow 
velocity  components  plus  the  mean  of  the 
product  of  the  fluctuating  velocity 
components.  Thus  in  a  stationary  mean 
compressible  flow* 

eqq  *  gOO  ♦  gq'q' «  if  density 
fluctuations  are  ignored*  and  hence  the 
Reynolds-averaged  conservation  equations 
of  mass  and  momentum  may  be  writteni 

V.  gQ  «  O 

g(Q.«)0  ■  -  vp  ♦  (T  -  gq'q') 
where  T  is  the  viscous  stress  tensor* 
which  for  a  Newtonian  fluid  ist 
T  •  -  2>'3gIB  *  M(vq  *■  q^)  «  and  6  is  the 
rate  of  dilatation*  which  is  eci^.al  to 
v.q  The  mean  pressure  is  The 

dynamic  viscosity  is  m*  and  I  is  the 
unit  tensor. 

3.  THE  REYNOLDS  STRESS^ 

The  term  -  gq'q’  is  called  the  Reynolds 
stress  tensor  since  it  augments  the 
viscous  stress  tensor*  and  represents 
the  effects  of  turbulent  mixing  on  the 
flow.  It  has  six  independent  components* 
three  normal  stress  components  and.  three 
shear  stress  components.  It  is  referred 
to  as  a  stress  simply  as  a  .  esult  of  it 
entering  the  equation  of  motion  as 
supplementary  to  the  viscous  stress 
tensor.  The  physical  nature  of  these 
separate  stresses  is  quite  different. 
The  VISCOUS  stress  arises  from  a 
diffusion  process  which  is  proportional 
to  the  fluid  viscosity.  In  a  high 
Reynolds  number  turbulent  flow  it  has  an 
extremely  small  influence  on  the  mean 
motion  except  close  to  solid  boundaries 
where  the  no-slip  boundary  condition 
applies  to  both  the  mean  and  turbulent 
velocity  components.  On  the  other  hand 
the  effects  of  the  Reynolds  stress  are 
the  result  of  turbulent  mixing  by 
eddying  motions  that  act  over  the  entire 
turbulent  shear  flow.  It  is  the  result 
of  dynamic  motion  and  its  overall 
influence  on  the  mean  motion  is  best 
expressed*  as  we  will  discuss  below*  as 

a  turbulent  force  per  unit 
volume*  equal  to  -  v. <gq‘q’>> 

4.  THE  EDDY  VlSCOaiTY- 

Followlng  BouSBinesq(2>  the  Reynolds 
streseee  have  been  described  by  «n  eddy 
viscoBlty*  PT«  which  augments  the 
dynamic  viscomity-  y*  much  that  in 
incompressible  flowi 
-  gq*q*  ■  <p  ♦  HT>(sa  ♦  □▼) *  where 

1/21*0  0*)  is  the  rate  of  strain 

tensor  In  the  mean  flow.  This 
over-simplified  approach  to  the 
prediction  of  turbulent  flows  replaces 
the  complex  physical  processes  of 
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turbulent  nixing  by  «  slngln  sc*lAr 
p«rAm»tnr«  My,  rsprannntlng  th« 
turbulnnt  motion.  At  bast  pj  can  ba 
found  axparimantal I y«  but  this  prasants 
di-ff icultiM  sinca  pj  is  -flOM  dapandant 
and  varlaa  in  magnituda  throughout  tha 
turbulant  shaar  flow.  In  ganaral  tha 
concapt  of  an  addy  viscosity  is  appllad 
onl  y  to  tha  shaar  strass  conponants  and 
not  to  tha  normal  strass  componants.  Tha 
sum  o-f  tha  normal  strass  componants  is 
proportional  to  tha  maan  kinatic  anargy 
o-f  tha  turbulant  motioni  and  if  k  is  tha 
maan  kinatic  anargy  of  tha  turbulant 
flow  par  unit  mass  thani 

-  9qq  ■  -  2/3?kI  ■¥  p j  ( PQ  4^  Qp)» 

In  tha  k-C  modal  pj  ■  C|j9k^/€  •  noting 
that  is  a  langth  seals  of  tha 
turbulanca. 

S.  MODELLING  OF  THE  REVWQLDS  STRESSES. 

Sinca  in  tha  aarly  part  of  this  cantury 
tha  Raynolds  strassas  had  not  baan 
maasurad  tha  onl  y  way  opan  to  modal 
turbulant  flows  and  tharaby  to  affact 
pradictlonst  was  to  usa  dimansional 
analysis  and  physical  argumants  in  tha 
datarminatlon  of  Pf.  If  vj  ■  pj/^  * 
0<gl>*  Mhara  q  and  1  ara  charactaristic 
scalas  of  turbulant  valocity  and  addy 
Sira*  and  vj  is  a  positiva  quantity* 
than  according  to  Prandtl <3)  s  mixing 
langth  thaory  of  turbulanca*  in  which 
tha  charactaristic  turbulant  valocity 
was  put  aqual  to  1  timas  tha  local  maan 
shaar*  vj  *  il^dU/dyi  in  a  flow 
dominatad  by  a  maan  shaar  dU/dy.  Prandtl 
and  othars  found  this  modal  of 
turbulanca  satisfactory  in  many  simpla 
practical  flows*  providad  tha  mixing 
langth*  1*  was  suitably  chosan.  In  tha 
raglon  closa  to  tha  wall  of  a  turbulant 
boundary  layar  von  Karman  proposad  that 
1  «  Ky*  wharaas  in  tha  outar  ragion  of 
tha  boundary  layar*  1  is  a  fraction  of 
tha  maan  boundary  layar  thicknass.  In 
fraa  shaar  flows*  such  as  wakas*  jats 
and  mixing  ragions  Prandtl  proposad  that 
tha  charactaristic  turbulant  valocity 
should  ba  proportional  to  tha  valocity 
diffaranca  across  tha  shaar  layar  and  1 
was  proportional  to  tha  local  maan  width 
of  tha  shaar  layar.  All  thasa  rasults 
wara  supportad  by  flow  visualisation  and 
obsarvation.  Tha  aim  throughout  was  to 
pradict  tha  maan  valocity  distribution* 
although  in  most  casas  this  bacama  a 
post-diction  sinca  tha  ampirical 
constants  in  tha  mixing  langth  formulas 
had  to  ba  pra-datarminad  from 

axparimant.  Othar  forms  of  tha  mixing 
langth  thaory  of  turbulanca  wara 
introducad*  such  as  tha  vorticity 
transport  thaory  of  6. I.Taylor <4) *  with 
similar  succass. 

Following  tha  introduction  of  tha 
hotwira*  maasuramants  bacama  availabla 
of  tha  componants  of  tha  Raynolds  strass 
tansor.  A  summary  of  tha  maasuramants  in 
wall-boundad  flows  and  fraa  shaar  flows 
can  ba  found  in  Townsand(5>  and 
HinsatA).  Howavar  tha  graatsr 
undarstanding  of  tha  structura  of 
turbulant  flows  arosa  from  tha 
datarmination  of  tha  spaca  covariancas 


of  two  and  thraa  componants  of  tha 
turbulant  valocity*  from  which  could  ba 
darivad  tha  wava-numbar  spactrum  of  tha 
turbulanca  and  intagngl  langth  scalas  of 
tha  turbulanca*  togathar  with  tha 
Raynolds  strassas  and  tha  diffusion 
strass  componants.  Thasa  maasuramants 
wara  mada  in  support  of  tha  statistical 
thaory  of  turbulanca«Taylor  (7) «  tha 
thaoratical  foundationa  of  von  Karman 
and  Howarth<8)*  and  latar  by 
Batchalor (9) *  basad  on  tha  concapt  of 
homoganaous  turbulanca.  Kolmogoroff  <10) 
introducad  tha  idaa  of  locally  isotropic 
turbulanca  in  tha  smallast  scalas  of 
turbulanca*  and  by  dimansional  analysis 
proposad  tha  laws  for  tha  charactaristic 
valocity  and  langth  acalas  in  tha 
dissipation  ranga  and  tha  inartial 
sub-ranga  in  tarms  of  tha  dissipation 
function, 

Tha  work  of  Townsand  showad  that  in  all 
practical  shaar  flows  tha  turbulant  flow 
is  govarnad  by  a  larga  seal a  structura* 
which  is  flow  dapandant*  and  which  is 
anisotropic*  and  a  smallar  scala 
structura  which  is  mora  univaraal  in 
charactar  and  i^ieh  contains  tha 
smallast  eddias  in  tha  flow*  which  ara 
rasponsibla  for  tha  dissipation.  Enargy 
is  transfarrad  from  tha  maan  flow  to  tha 
larga  addias*  which  in  turn  pass  thair 
anargy  through  a  cascada  of  addy  scalas* 
without  loss*  down  to  tha  addias  in  tha 
dissipation  ranga.  From  tha  work  of 
Grant  (ID*  Townsand  showad  that  larga 
addias  although  ganaratad  at  random  in 
raspact  of  spmea  and  tima*  wars 
navarthalass  organ! sad  and  similar  in 
structura*  and  followad  a  simpla 
raprasantation*  such  as  a  doubla  rollar 
inclinad  in  tha  dlractlon  of  flow.  Latar 
Townsand  found  that  tha  thaory  of  rapid 
distortion  introducad  by  6. I. Taylor*  and 
latar  by  Batchalor  and  Proudman < 12) * 
provad  highly  succassfull  in  tha 
pradiction  of  tha  spaca  corralations  of 
tha  Raynolds  strass  componants.  In  that 
thaory  tha  naar  isotropic  fluid* 
antrainad  by  tha  larga  addias*  is 
strainad  by  tha  maan  shaar  in  a  tima 
small  comparad  with  tha  charactaristic 
flow  tima.  Tha  thaory  of  rapid 
distortion  not  only  pradicts  tha  shapa 
of  tha  spaca  corralation  but  also  tha 
ratios  of  tha  final  valuas  of  tha 
Raynolds  strass  as  achlavad  aftar 
strain.  Thus  turbulanca*  axcapt  in  its 
largast  scalas*  is  found  to  ba  alastic 
and  ravarsibla*  Tha  mora  racant 
davalopmants  in  Rapid  Distortion  Thaory 
ara  raviawad  by  Savill(13)> 


6.  THE  CQMFUTATIDN  OF  TURBULENT  FLOWS. 

Howavar  sinca  tha  and  of  World  War  2, 
tha  most  robust*  and  consistant  way  to 
find  tha  propartlas  of  turbulant  shaar 
layars*  has  baan  via  tha  momantum 
intagral  aquation  of  von  Karman.  In  tha 
intagral  aquations  tha  propartlas  of  tha 
Raynolds  strass  ara  not  raqulrad*  sinca 
on  Intagrating  across  the  floM*  tha 
forca  r<artad  by  tha  Raynolds  strasa* 
which  IS  a  trua  dlvarganca*  aakas  no 
contribution  to  tha  intagral*  axcapt  as 
a  small  eorraction  to  allow  for  tha 
non-uniform  variation  in  tha  maan 


7-4 


pr«s«ur«  across  ths  boundary  l«y«r« 
sspscially  In  curvsd  -flOMs  and  in 
boundary  laysrs  in  rations  o4 
ssparation.  Rsfsrancs  to  ths  procasdinss 
o4  tha  Stanford  Confarancas  in  1968(14) * 
and  1980-1981(19)  9ivas  data! Is  of  tha 
aany  forms  of  tha  intaaral  aauations  and 
tha  rasults  achiavad.  Tha  intaaral 
mathods  ara  basically  post-dictiva  in 
that  tha  constants  and  tha  axprassicms 
for  tha  skin  fricttcan*  tha  form 
paramatars*  and  tha  antrainmant 
coafficiant«  ara  all  obtainad  from 
comparison  with  simpla  floMS  Mith  tha 
axpactation  that  tha  sama  paramatars  and 
constants  Mill  hold  for  mora  complax 
flOMs.  A  major  problam  in  tha  solution 
of  tha  intaaral  aquations  is  that  tha 
aquations  ara  sinqular  at  saparation 
i^ara  tha  skin  friction  vanishas.  Tha 
singular  bahavlour  can  ba  avoidad  by 
using  tha  indiract  mathod  of  solution* 
using  givan  distributions  for  tha 
boundary  layar  dlsplacamant  thicknassas 
ovar  tha  ragion  of  saparation  rathar 
than  spacifying  tha  axtarnal  valocity 
distribution  as  in  tha  diract  mathods  of 
solution.  Navarthalass  tha  solutions 
using  ths  diract  and  indiract  mathods  do 
not  alMays  match  as  shown  by 
Coustai X  < 16) « 

Tha  advant  of  high-spaad  computars  in 
tha  1960‘s  lad  tha  way  towards  an  attack 
on  tha  Raynolds-avaragad  aquations  of 
turbulant  motion  involving  various 
turbulant  modals.  A  major  advanca  was 
tha  inclusion  of  tha  turbulant  kinatic 
aquation  in  tha  sat  of  aquations  to  ba 
solvad.  Thus  in  addition  to  tha  maan 
valocity  componants  tha  distribution  of 
ona  of  tha  Raynolds  strass  componants 
could  ba  obtainad  providad  a  langth 
seals  of  tha  turbulanca  could  ba 
spacifiad.  Raynolds<17)  dafinad  tha 
various  schamas  for  solving  thass 
aquations  according  to  tha  typs  of 
turbulanca  modal  and  tha  numbar  of 
additional  partial  diffarantial 

aquations  raquirad  by  tha  modal.  Tha 
turbulanca  modal  morphology  amployad  at 
tha  1980-1981  Confaranca  as  dascribad  by 
Farzigar  at  al.<16)  is  as  follows; 

LEVgL 

1.  Corralations. 

2.  Intagral  Mathods. 

3.  Ona-Polnt  Closuras. 

4.  Two-Point  Closuras. 

5.  Larga  Eddy  Simulation. 

6.  Full  Simulation. 

Tha  Intagral  mathods  usa  tha  Momantum 
Intagral  Equation*  as  discussad  abova* 
plus  an  additional  aquation*  such  as  tha 
Enargy  Intagral  Equation*  tha  Momant  of 
Momantum  Intagral  Equation*  or  an 
Entrainmant  Corralation.  Othar  cholcas 
in  tha  mathod  involva  lags  for  tha 
antralnm^t  and  shapa  factor. 

Tha  Ona-Point  Closura  schamas  spacify 
tha  traatmant  of  tha  Raynolds  strassas* 
and  tha  numbar  of  additional  aquations 
raquirad.  Thus  tha  Raynolds  strassas  ara 
dafinad  according  to  thair  spacif icatiwi 
as  Boussinasq  (addy  viscosity) * 
algabraiCf  diff^antial*  and  full 
Raynolds  strass.  For  tha  Boussinasq  and 


Algabraic  Strass  Modals  tha  mathods  ara 
sub-classif iad  according  toi 

(1)  prascribad*  <2)  1  from  ODE* 

Dns-sguatinn  aortal ■* 

(1)  k  aquation  i  1  prascribad 

(2)  k  aquation  i  ODE  for  1 

(3)  1  prascribad  t  u  aquation 

rmes^moLAMtiesn  modal 
<1)  k,  C 

(2)  k,  u 

(3)  k,  1 

(4)  k^l*  c 

Tha  Diffarantial  modals  ara 

sub-classifiad  according  to  tha  numbar 
of  additional  aquations  amployad.  Thus 

wa  hava  four  aquations  for  k *  cr*  uv*  vw* 
and  fiva  aquations  if  C*  uv*  l7*  ^*  ^* 

ara  usad. 

Tha  Full  Raynolds  strass  modals  ara 
classifiad  according  to  tha  inclusion  of 
an  axtra  aquation  for  f  or  1*  or 
otharwisa. 

Two-Point  Closuras  involva  spactral 
mathods*  but  no  rasults  for  thasa 
mathods  wara  submittad  at  tha  Stanford 
1960-1981  Confaranca. 

Larga  Eddy  Simulation  providas  a 
thraa-dimansional  tima-dapandant 

^ascription  of  tha  larga  addy  structura 
and  its  associatad  small  scala 
structura*  limltad  by  tha  grid  sisa  and 
tha  flow  Raynolds  numbar.  A  low-ordar 
turbulanca  modal  is  raquirad  to  modal 
tha  sub-grid  scalos  in  tha  turbulanca. 

At  tha  Stanford  1980-1981  Confaranca  tha 
majority  of  mathods  submittad  wara  Laval 
2  and  3. 

7.  THE  DIMENSIONS  QF  TURBULENT  gHFOR 
FLDM  STRUCTURE - 

Lat  us  dafina  Ug  and  Lg  as  tha 
char actari Stic  valocity  and  langth 
scalas  of  tha  flow.  Wa  dafina  a  flow 
tima  Tg  «  Lg/Ug  and  tha  flow  Raynolds 
numbar  is  UgLg/v  »  1.  In  our  turbulant 
flow*  is  assumad  to  axist*  a  continuous 
distribution  of  all  scalas  of  turbulanca 
from  tha  largast*  baing  typically  of  tha 
flow  itsalf*  to  tha  smallast  scales 
rasponsibla  for  tha  dissipation.  Wa 
introduca  L  as  tha  intagral  scala  of  tha 
turbulanca  and  tha  Lagrangian  tima  scala 
T^  •  L/q*  whara  q  is  tha  charactaristic 

valocity  of  tha  turbulanca  aqual  to  say* 
tha  root  maan  squara  of  tha  turbulant 
valocity.  Wa  assuma  that  at  high 
Raynolds  numbars  t^/v  »  I*  although  q  « 
Ug  and  L  <(  Lg.  Now  tha  maan  dissipation 
function  c  ■  vu^*  to  a  good 
approximation  in  a  high  Raynolds  numbar 
turbulant  shaar  flow.  Howavar  if  wa 
dafina  q«  and  1^  as  tha  typical  valocity 
and  langth  seals  of  tha  dissipating 
addias*  than  according  to  Kolmogoroff 
q^la/v  ■  1*  and  tha  dissipation  is 
C  w  Hanca  u  ■  Rs^^s*  for 

convanianca  wa  hava  writtan  as  tha 
maan  squara  vorticity  aqual  to  €/v.  Wa 
find  also  that 
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C  ■  «l»  ■  «n(t  1,  • 

y3/i  /fii''*,  Th#  circulation  around  tho 
dlaaipatino  oddlo*  is  Y*  ■  ^s^s  * 

Thus  both  c  and  u  ars  -functions  o-f  ths 
dissipatin«  scalds  turbuldnc#.  9ut 

thd  msan  dissipation  ratsi  C«  must  ssual 
thd  rats  of  supply  of  snsrsy  from  th# 
m#an  flOM«  and  this  is  squal  to  q^/Tf^. 
Hdncdf  C  «  q^/L  sines  T|_  «  L/q.  If  *«• 
dsflns  thd  Rsynolds  numbsr  of  thd 
turbulsncd  Rf  *  qL/v  thsn 


q/q^ 

L/l, 


Rt 

Rt® 


t/4 


and 


Thus  thd  scald  of  thd  snsrsy  contalnlnq 
dddiss  rdlativd  to  that  of  thd 
dissipating  dddiss  inersasss  Mlth 
Rsynolds  numbsr  to  ths  po««sr  3/4«  and 
thd  vdlocitids  by  thd  powsr  1/4.  Soms 
furthsr  dsductions  immsdiatsly  follOM. 

In  a  stoady  shsar  floM  in  squilibrium  wd 

find$  C  •  -  uv  dU/dy.  But  -  uv/q*  is 
0(1)  and  thdrsforsi  sines  €  «  q^/L  ms 
find  dU/dy  is  Q(q/L)  «  Q(l/T|^>.  Thus  ths 
msan  rats  of  strain  in  ths  turbulsncs  is 
squal  to  thd  msan  flow  rats  of  straint 
and  ths  charactsristic  tims  of  ths 
snsrgy  containing  sddiss  is  0<T|_)  « 
0(l/dU/dy).  If  MS  dsfins  ths  msan  floN 
vorticity  as  0  «  idU/dyi«  thsn  ths  abovs 
rssults  shoM  thati 

u  -  QRt*''** 


and  ths  charactsristic  turbulsnt 
vorticity  inersasss  Mlth  inersass  in 
Rsynolds  numbsr  to  ths  pomst  1/2. 


A  furthsr  important  rssult  is  ths 
circulation  around  ths  snsrgy  containing 
dddiss.  If  this  is  dsfinsd  as«  Yt  vthsn 
Yj  a  qL  and  q2  a  YjO  ■  Ws  can  tharsfors 
dsdues  thatf 

-  uv  a  const.  YT<lU/dy 

Mhich  is  similar  to  ths  rssult  dsrivsd 
by  Boussinssq*  Ths  diffsrsncd  is  that 
Mhsrsas  Boussinssq  introduesd  an  sddy 
viscosity  vj  our  rssult  is  givsn  in 
tsrms  of  thd  sddy  circulatian«  a 
charactsristic  of  largs  seals  sddy 
mixing.  Of  courss  this  intdrprstation  is 
not  surprising  sines  sddy  viscosity  and 
circulation  havs  ths  sams  dimsnsions. 
Thus  Mhsrsas  ths  normal  intsrprstation 
of  thd  Boussinssq  approximation  is 
rsgardsd  as  having  qusstionabls  physical 
slgnif  icancdf  ms  sss  that  Mlth  vy 
rsplacdd  by  Yt?  havs  a  rslationship 
Mhich  physically  makss  ssnss  and 
mordovsr  is  clossly  rslatsd  to  ths 
rssults  of  Rapid  Distortion  Thsory.  In 

RDT  it  is  found  that  ths  rslation 

bdtMdsn  uv  and  ^  dspsnds  on  ths 
accumulation  of  ths  msan  fiOM  strain 
rats  along  a  strsamlins*  f1athisu<l9)* 
and  this  is  in  agrssmsnt  Mith  a  broad 
IntSTprstation  of  ths  Beussinsss  rssult 
sxprssssd  abovs.  Savill  has  also 
suggssvsd  that  Mhsrs  in  a  complax  floM 
sdvsral  strain  ratss  act  simultansous) y 
thdy  prsvsnt  sx trams  Rsynolds  strsss 
Idvsls*  it  bsing  unllksly  that  a  larss 
fraction  of  ths  rosultant  turbulsncs 
strsss  Is  dlrsctsd  into  ons  componsnt 
only.  This  sffsetivs  damping  of 
anisotropy  is  givsn  by  Laundsr  and  Rodi 


as  ons  of  ths  rsasons  that  ths  k-C  modal 
of  turbulsncs  oftsn  givss  such  good 
rssults. 

Lst  us  continus  this  argumsnt  that  Yy* 
Mhich  is  ths  charactsristic  circulation 
of  ths  big  sddiss  containing  most  of  ths 
kinstic  snsrgy  of  ths  turbulsncs*  is  a 
msasurs  of  ths  largs  seals  mixing.  On 
our  hypothssis  it  is  not  a  gradisnt 
diffusion.  Ws  put  Ny  ■  Yy/v  Mhich  is  ths 
ratio  of  ths  circulation  around  sddiss 
of  ordsr  seals*  L«  and  thoss  in  ths 
dissipation  rangs.  But  Yy/v  ■  Ry  so 
Ny  •  Ry.  Thus  ths  ths  ratio  of  ths 
circulation  around  ths  big  sddiss  to 
that  around  ths  dissipating  sddiss* 
Yy/Y*  ■  Ry  *  Ny*  and  so  Ny  rsprsssnts 
ths  numbsr  of  dissipating  sddiss  prsssnt 
in  a  big  sddy.  For  any  givsn  floM  ths 
changss  in  ths  global  picturs  of  ths 
largs  sddiss  may  appsar  small*  but  ths 
structurs  in  ths  small  scalps  changss 
dramatically.  This  suggssts  ms  dsfins  sn 
sffsetivs  Rsynolds  numbsr  of  ths 
turbulsncs  as  Ry*  »  qL/vy  »  Ty/vy  ■ 
const.  of  0(1)*  a  rssult  found  by 
ToMnssnd  and  othsrs.  Thus  Mhsrsas  Mhsn 
ths  floM  Rsynolds  numbsr  inersasss  ths 
Rsynolds  numbsr  of  ths  turbulsncs*  Ry* 
inersasss  also*  the  sffsctivP  Rsynolds 
numbsr  I  Ry**  of  ths  turbulsncs  in  ths 
largs  scalsa  is  indspsndsnt  of  Rsynolds 
numbsr  at  sufficiantly  high  Rsynolds 
numbsrs.  Howsvsr  ths  small  seals 
structurs  of  ths  turbulsncs*  sspscially 
in  ths  dissipating  rangs*  is  strongly 
dspsndsnt  on  Rsynolds  numbsr  as  is 
svidsnead  by  tha  proportional  inersass 
in  ths  numbsr  of  small  seals  structurss 
in  ths  floM.  Ns  may  intsrprst  this  as 
ths  fractal  charactsr  of  ths  flow  in  ths 
small sr  scalss. 

Ths  radian  frsqusncy  of  ths  big  sddiss 
in  a  Lagrangian  frams  is  wq*  «  q/L  •  n» 
Mhsrs  0  is  ths  msan  flow  vorticity.  Tha 
charactsristic  radian  frsqusncy  of  ths 
dissipating  sddiss  is  <•%*  ■  q«^^s  * 

■  ugS/Ry*  showing  that  ths  largsst 
frsqusnclss  inersass  with  Rsynolds 
numbsr  to  ths  powsr  2/2.  Ths  sams 
infsrsnes  may  bs  drawn  in  rsspset  of  ths 
wavs-numbsrs  in  ths  turbulsncs. 

Thsss  simpls  dimsnslonal  rslationships 
of  ths  structurs  of  ths  turbulsnt  flow 
in  its  snsrgy  containing  and 
dissipating  rangss  havs  important 
conssqusncss  in  rsspset  of  ths  flow  Ir. 
sn  attachsd  boundary  laysr  doss  to  ths 
wall.  Cl  OSS  to  ths  wall  ths  msan 
vslocity  satisflss  ths  law  of  ths  wall. 


Thus  II  •  u^/Ky  for  y*  >  10  and  fl  ■  u^^/v 
for  y*  <  3.  But  ws  havs  shown  thst  Q  * 
q/L  and  so*  noting  that  q  ■  OIu^)  snd 
L  ■  0(Ky>«  ths  Rsynolds  numbsr  of  ths 
turbulsncs  Ry  •  Ky*  *  whsrs  y*  ■  yu^/v. 
Hsnes  bstwssn  ths  wsll  snd  y*  *  19*  say* 
Ry  changss  fros  2sro  to  6*  assuming  K* 
ths  von  Karman  constant*  is  squal  to 
0.4.  But  ths  valus  of  ths  Rsynolds 
numbsr  of  ths  dissipating  sddiss  is 
unity*  and  ws  sss  that  ths  Rsynolds 
numbsrs  of  ths  snsrgy  containing  sddiss 
and  ths  dissipating  sddiss  ovsrlap  in 
this  rsgion  eloss  to  ths  wall.  In  ths 
turbulsnt  snsrgy  spsetrus  ths  insrtial 
sub*>rangs  will  bs  abssnt  in  this  rsgion. 
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prsfarabl y«  full  simulation. 

8.  INITIAL  REfiTON  OF  TURBULENT  FLQIllS, 


This  r«9ion  is  in  fact  ths  ration  Mhara 

tha  maximum  valuaa  of  -*  uv  and  ^  ara 
sanaratadi  andi  as  far  as  tha  turbulanca 
is  concarnad*  is  ona  of  tha  mora 
important  ra«ions  of  tha  boundary  layar. 
Navarthalasa  it  is  that  ragion  Mhara  tha 
Raynolds  numbar  of  tha  turbulanca  is 
small «  avan  at  high  valuas  of  tha  flow 
Raynolds  numbari  and  Mhara«  wa  hava 
shown  abova*  wa  axpact  larga  changas  to 
taka  placa  in  tha  small  seals  structura 
of  tha  turbulanca  with  incraasa  in 
Raynolds  numbar.  But  tha  larga  scala 
structura f  containing  most  of  tha  anargy 
is  of  similar  scala  to  that  of  tha 
dissipating  addlasi  suggasting  that  tha 
ragion  of  graatast  anargy  production  is 
also  tha  ragion  of  graatast  dissipation. 
This  accords  with  axparimantal  avidanca 
TownsandlS).  But  wa  hava  notad  that  in 
tha  ragions  of  turbulant  flow  not  closa 
to  a  solid  boundarvi  and  in  all  casa  of 
fraa  shaar  flow  turbulancat  tha  larga 
scala  structura  is  mora  or  lass  Raynolds 
numbar  indapandant  at  sufficiently  high 
Raynolds  numbars*  in  spite  of  the  larga 
changas  that  occur  in  tha  structura  of 
tha  small  scala  turbulanca.  In  tha 
ragion  of  a  wall  both  tha  larga  scala 
and  tha  small  scala  structura  are  more 
or  lass  indapandant  of  flow  Raynolds 
numbar.  Thus  in  tha  ragion  closa  to  a 
walli  in  an  attached  boundary  layer  at  a 
high  flow  Reynolds  numbar,  the  structure 
of  the  turbulant  flow  is  almost 
universal  in  character,  and  possesses  a 
similarity  governed  by  the 

characteristic  scales  of  velocity,  u^, 
or  q^,  and  length,  v/u^«  or  l^,  in  the 
ragion  of  tha  wall.  Again  this  is  in 
accord  with  flow  visualisation,  and 
axparimant.  (see  Cantwell (20) ,  and 
Townsend) . 

In  an  attached  boundary  layar  tha 
structura  of  tha  turbulanca  in  the 
region  of  a  wall  must  therefore  be 
governed  mainly  by  the  presence  of  tha 
wall  and  lass  on  tha  constraints  imposed 
on  tha  flow  outside  the  boundary  layar. 
These  constraints  naturally  govern  tha 
valuas  of  uy  and  v/u^^,  but  u^  may  vary 
widely  from  one  flow  to  another,  such  as 
from  favourable  to  unfavourable  pressure 
gradients.  Throughout  this  section  uy  is 
tha  so-called  shaar  velocity,  given  by 

Our  conclusion  is  that  modals  of 
turbulanca  must  reflect  tha  prasanca  of 
tha  wall  and  tha  change  in  turbulanca 
structura  which  must  change  from  a  near 
universal  character  close  to  tha  wall, 

to  a  structure  mora  related  to  that 
asaociatad  with  fraa  shaar  flow 
turbulanca  further  away  from  tha  wall. 
Tha  structura  of  turbulanca  closa  to  tha 
wall  will  be  highly  anisotropic  and 
almost  certainly  daflas  simple 
description  in  a  turbulanca  modal. (sea 
Kline  and  Robinson (21) ) •  It  would  appear 
mora  profitable  to  describe  it  locally 
close  to  tha  wall  in  terms  of  given 
universal  functions.  At  lower  flow 
Reynolds  numbers  the  constants  in  thess 
universal  functions  will  be  functions  of 
th#  flow  Reynolds  number,  and  would  need 
to  be  found  empirically,  or  from  some 
higher  order  numerical  scheme. 


Turbulent  shear  flows  devslop  in  gsnaral 
from  laminar  flows  through  a  complex 
transition  procsss,  which  undergoes  a 
series  of  instabi 1 ibias  developing  out 
of  a  weak  instability  of  tha  basic  flow, 
in  which  initial  disturbances  are 
amplified.  Subsequently  by  a  process  of 
bifurcation,  non-linaar  interactions  and 
three-dimensional  distortions,  leading 
to  complex  vortex  structures  which 
become  stretched  and  Pinched,  and  where 
tha  near  flow  singularity  is  only 
avoided  by  tha  action  of  viscosity.  Tha 
extremely  high,  but  finite,  value  of  tha 
local  vorticity,  leads  to  tha  production 
of  Emmons  spots,  and  the  flow  ultimately 
braaks-down  to  a  turbulant  state.  Tha 
dissipation  mechanism  changas 

dramatically  from  ona  of  gradient 
diffusion,  to  one  involving  tha  local 
generation  of  extremely  small  structures 
in  tha  flow,  which  possess  a  high  local 
instantaneous  value  of  vorticity,  many 
times  that  of  tha  vorticity  of  tha  mean 
flow.  As  we  hava  discussed  above,  tha 
rata  of  dissipation  in  a  turbulent  flow 

is  C  -  vh7,  hence,  using  a  similar 
relationship  for  tha  instantaneous 
dissipation,  tha  local  rata  of 
dissipation  is  vary  high  within  a 
turbulant  spot. 

Tha  initial  discrete  spectrum  in  tha 
disturbed  flow  at  tha  commancament  of 
transition,  develops  into  a  continuous 
spectrum  as  mora  and  mora  smaller  scala 
structures  are  formed  as  a  result  of  tha 
cascade  of  instabilities,  or  tha  near 
catastrophic  breakdown,  of  tha  initially 
laminar  flow.  Tha  near  continuous 
spectrum  from  low  to  high  frequencies 
suffers  a  rapid  decay  in  tha  ragion  of 
tha  frequency  of  tha  dissipating  eddies, 
referred  to  as  tha  Kolmogoroff  range. 
Tha  near  continuous  spectrum  developing 
in  tha  later  stages  of  transition  is 
raprasantati va  of  tha  growth  of  a  larga 
numbar  of  vortex  structures  having  a 
wide  range  of  scales  from  tha  order  of 
tha  flow  itself  down  to  tha  small 
dissipating  eddies  in  tha  Kolmogoroff 
range.  Tha  rapid  changas  in  the  anargy 
spectrum  of  tha  flow  through  transition 
leads  to  a  change  in  tha  local  mean  flow 
structura,  and  thus  is  sat  up  a  complex 
interacting  relationship  between  tha 
convacting  flow  and  tha  vortex  structure 
convactad  by  it.  Tha  ona  is  entirely 
dependant  on  tha  other  and  tha  coupling 

relationship  is  non-linear  and  subject 
to  viscous  influence  both  in  tha 
dynamics  of  tha  unsteady  flow  as  wall  as 
in  tha  viscous  decay. Morkovin<22) , 
Huarra  and  Monkawiti <23) . 

The  prediction  of  transition  imposes 
many  problems  but  programs  is  being 
mada.Cabacci  at  at . (24) ,Arnal  and 
Coustol s (25) , Collier  at  al.  (26),  and 
lialik  at  al .  (27) . 

9.  FULLY  PgVFIQPPn  Tt^WSEWT  FLQM. 

Following  transition,  as  stated  above, 
tha  energy  spectrum  is  almost  continuous 
and  discrete  frequencies  ars  abssnt. 
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N»verth«l«ss  in  «11  turbulent  sheer 
-flows*  whether  -free  sheer  flows*  such  as 
wakes*  mixing  regions  or  jets*  or 
well -bounded  sheer  flows*  such  es 
attached  end  separated  boundary  layers* 
there  exists  a  large  scale  eddy 
structure  to  the  flow*  and  which  is 
characteristic  to  that  flow.  Such 
structures  appear  at  random  both  in 
respect  of  space  and  time.  They  are 
convected  by  the  flow  and  suffer 
distortion  and  interaction  with  the  rest 
of  the  flow  and  ultimately  decay.  These 
large  eddies  provide  one  of  the  vehicles 
for  the  entrainment  of  irrotational 
fluid  from  outside  the  turbulent  shear 
layer.  The  other*  less  important 
mechanism  for  entraiment*  is  the 
gradient  diffusion  which  takes  place 
along  the  boundary  between  the  turbulent 
and  non-turbulent  fluid  as  discussed  by 
Townsend(5)  and  Savlll(13>. 

10.  THE  LARGE  SCALE  STRUCTURE. 

These  large  scale  pseudo-random  eddies 
formed  at  a  given  station  in  a  turbulent 
shear  flow  have  similar  structures  and 
are  normal  1 y  referred  to  as  coherent  or 
organised  structures. Cantwel 1 (20) .  Since 
their  structure  changes  from  flow  to 
flow*  and  they  change  from  station  to 
station  in  a  given  flow*  as  the  mean 
flow  changes  and  the  flow  develops  a 
change  in  scale*  it  seems  reasonable  to 
assume  that  they  are  closely  connected 
with  the  structure  of  the  mean  flow 
itself.  Me  note*  of  course  that  the 
decomposition  of  the  instantaneous  flow 
into  a  mean*  and  a  fluctuating  component 
whose  time  average  is  zero*  is  just  one 
of  an  infinite  set  of  ways  of  describing 
any  unsteady  flow.  In  particular  the 
real  flow  passes  through  a  succession  of 
states  as  it  is  convected  downstream* 
and  there  can  be  no  single  realisation 
when  it  truly  conforms  to  that 
designated  as  the  mean  flow.  the 
concept  of  a  mean  flow  is  artificial  and 
yet  it  is  the  flow  field  measured  in  all 
mean  flow  experiments.  Thus  the  question 
is  raised  whether  the  large  scale 
structure  as  observed  in  the  real  flow* 
is  the  same  as  would  exist  in  an 
artificial  flow  defined  by  the  mean  <or 
smoothed)  flow.  The  answer  to  this 
question  is  fundamental  to  all  modelling 
of  turbulent  flows.  All  computational 
schemes*  apart  from  LES  and  Full 
Simulation*  involve  this  analogy*  in 
that  the  real  flow  is  replaced  by  an 
equivalent  flow  having  the  properties  of 
the  true  mean  flow*  but  its  turbulent 
structure  is  associated  with  that  mean 


stresses  that  have  to  be  modelled  but 
their  space-time  correlations.  Thus  we 
require  the  full  time  dependent 
relations  for  all  the  Reynolds  stresses 
in  the  acoustic*  or  aerodynamic  noise 
problem*  and  not  simply  their  time 
averaged  values  as  required  here.  But 
surprisingly  enough  the  comparisons 
between  the  theoretical  models*  based  on 
the  mean  flow  analogy*  and  experiment 
show  a  remarkable  agreement*  which  many 
assume  to  be  fortuitous*  and  the  entire 
philosophy  of  the  use  of  the  turbulent 
models  based  on  the  mean  flow  analogy* 
is  still  the  subject  of  vigorous  debate. 
But  the  Russian  school  have  examined 
this  same  problem*  Bel otserkovski y  and 
Shi dlovsk y (28) *  and  their  conclusion  is 
most  significant.  They  invoke  the 
'Ievlev*  hypothesis'  (  referred  to  by 
Bel otserkovski y  as  Ievlev's  process'  > 
which  states  that  by  the  use  of 
'smoothed  equations'*  and  satisfying  the 
same  boundary  conditions  as  the  real 
flow*  the  correct  statistical  flow 
parameters*  which  depend  on  the  large 
scale  turbulence*  will  be  obtained*  even 
though  the  detailed  space-time  patterns 
for  the  artificial  flow  will  not 
duplicate  any  real  process.  Thus  the 
evolution  of  the  probability  densities 
for  the  real  flow*  are  equal  to  those 
obtained  from  solutions  to  the  smoothed 
equations'  satisfying  the  same  boundary 
conditions. 

It  appears  therefore  that  introducing  a 
mean  flow  analogy  for  calculating  the 
properties  of  a  turbulent  flow  is 
permissible.  It  would  also  appear  that 
in  the  light  of  Ievlev's  hypothesis' 
that  the  large  scale  organised  or 
coherent  structure  in  a  turbulent  flow* 
is  related  to  the  eigen  values  and  eigen 
functions  of  the  basic  mean  flow.  This 
is  not  to  be  taken  as  a  proposal  that 
all  large  scale  structures  in  all 
turbulent  flows  relate  to  the  dominant 
local  natural  frequency  of  these  flows. 
In  some  flows*  or  parts  of  flows  there 
is  evidence  to  suggest  that  the 
preferred  scale  is  that  of  a  second 
harmonic*  Landahl (2^) *  Zhang  and 
Lilley(30),  whilst  in  other  flows  the 
characteristic  scale  of  the  large  eddies 
appears  to  follow  the  set  of 
sub-harmoni cs  in  their  passage 
downstream,  as  found  by  Morris  et 
al.<31).  We  should  be  reminded  that  here 
the  dominant  eigen  mode  is  that  of  the 
equivalent  mean  turbulent  flow*  which 
contains  the  simulated  background 
turbulent  flow.  All  modes  in  this 
disturbed  flow*  and  it  is  disturbed 


flow*  rather  than  the  Instantaneous  flow 
as  would  exist  in  the  real  flow. 

Townsend  repeatedly  discusses  this 
dilemma  in  describing  the  application  of 
a  simple  eddy  structure  to  modelling  the 
Reynolds  stresses.  A  further  critical 
case  where  the  structure  of  the 
turbulent  flow  has  to  be  modelled  with 
respect  to  a  given  mean  flow  is  provided 
in  the  models  of  equivalent  acoustic 
sources  used  to  predict  the  far  field 
noise  radiation  from  turbulent  flows. 
This  is  an  even  more  critical  case  than 
the  modelling  of  turbulence  to  predict 
the  structure  of  the  mean  flow*  for  in 
the  acoustic  case  it  is  not  the  Reynolds 


because  it  is  turbulent*  arise 
naturally*  continuously  and  at  random  in 
space  and  time*  just  as  in  ths  real 
flow.  However  only  those  modes  thet  are 
both  energetic*  and  are  either  near 
neutral  or  are  unstable  that  can 
survive.  The  remainder  are  daiaped.  The 
modes  are  In  general  of  finite  amplitude 
and*  as  in  Rapid  Distortion  The^y* 
suffer  rapid  distortion  under  the 
Influence  of  the  mean  strain  rates*  and 
strong  non-llnear  interaction  with  the 
rest  of  the  flow.  The  success  of  these 
analyses  of  the  large  scale  structure 
have  been  related  to  only  a  few  simple 
flows*  and  the  entire  subject  is  one  of 
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great  activity  as  well  as  of  interest. 
Clearly  there  is  need  to  couple  these 
new  theories  o-f  the  large  scale 
structure  in  turbulent  flows  with  the 
results  of  Rapid  Distortion  Theory. 


Sofar  the  structure  of  the  large  eddies 
has  had  no  impact  on  the  modelling  of 
turbulence  at  the  level  of  the  Integral 
equations  and  Gne-Point  Closure  methods. 
Hence  it  is  something  of  a  mystery  that 
such  good  resuts  are  sometimes  obtained 
with  methods  such  as  the  k-c  equation 
over  a  wide  range  of  flows  using  the 
same  turbulence  model.  The  results  of 
the  Stanford  1980-1981  Conference  led 
Kline  to  propose  that  since  no  universal 
model  of  turbulence  can  e;rist  for  the 
prediction  of  the  characteristics  of 
turbulent  shear  flows*  it  is  best  to 
accept  that  fact  and  to  use  zonal 
modelling*  with  appropriate*  and 
separate*  turbulence  models  with 
specially  adjusted  parameters  and 
constants  in  each  zone.  Such 
modi f i cations  would*  in  effect* 
represent  the  influence  of  differences 
in  the  influence  of  the  different  large 
scale  structures*  on  the  structure  of 
the  remainder  of  the  turbulence,  present 
in  the  real  flow  in  each  zone.  The  fact 
that  this  would  appear  to  be  simply  a 
f me-tuni ng  ■  *  whereas  the  changes  in 
the  large  scale  structure  as  observed  in 
the  real  flow,  from  zone  to  zone*  are 
far  from  negligible*  suggests  that  the 
large  scale  structure  is  basically  the 
vehicle  by  which  energy  is  transferred 
from  the  mean  flow  to  the  turbulence* 
and  that  the  fine  detail  of  that  large 
scale  structure  are  of  lesser 
importance.  Thus  provided  the  turbulence 
model  correctl y  represents  this  transfer 
of  energy  to  the  turbulence,  it  may  be 
relatively  unimportant  to  introduce  a 
supplementary  model  for  the  large  scale 
turbulence  structure  itself. 

However  It  is  the  large  scale  structure 
which  acts  to  control  the  growth  of  of 
the  mean  flow  as  well  as  to  control  the 
entrainment  of  irrotational  fluid  into 
the  bull.'  of  the  turbulent  flow. 


The  turbulent  structure  of  turbulent 
shear  flows  at  high  Reynolds  numbers  is 
highly  inhomogeneous  as  a  result  of  the 
spreading  of  the  turbulent  flow  into  the 
surrounding  ambient  non-turbul ent  fluid. 
The  bounding  surface  of  the  turbulent 
fluid  is  highly  contorted  by  eddies* 
which  according  to  TownsendiS)  and  the 


motion,  u'  .  The  main  turbulent  motion 
comprises  all  the  smaller  eddies  down  to 
the  eddies  of  smallest  scale  responsible 
for  the  dissipation.  According  to 
Townsend,  it  may  be  assumed  that  the 
turbulence  is  quasi -homogeneous  at  the 
higher  end  of  this  range,  down  to  a 
state  of  local  isotropy  in  which  the 
structure  is  near  universal*  which  by 
measurement  is  in  accord  with 
Kolmogoroff  s  theory.  Eddies  in  this 
lower  range  of  scales  make  little 
contribution  to  the  total  kinetic  energy 
of  the  motion.  Townsend  shows  that  it  is 
the  main  turbulent  motion  which  is 
exposed  to  the  mean  shear  or  strain 
rates*  imposed  by  the  mean  flow 
gradients.  It  follows  from  applications 
of  Rapid  Distortion  Theory*  as  described 
above,  that  the  main  turbulent  motion 
possesses  structural  similarity*  such 
that  its  contribution  to  the  main  motion 
is  limited  to  only  changes  in  the  scale 
of  length  and  velocity.  The  principal 
use  of  structural  similarity  in  many 
turbulent  models*  such  as  in  k-£*  is  the 
assumption  that  -uv  is  proportional  to 

q2  with  only  minor  adjustments  for  the 
relative  position  in  the  flow  and  the 
flow  itself. 

12.  TURBULENCE  IN  A  MOVING  FRAME^ 

Most  measurements  of  turbulence  are 
based  on  a  fixed  frame  analysis.  In 
general .  this  gives  the  impression  that 
of  a  random  distribution  of  eddies 
crossing  the  observation  window*  and 
that  events  relatively  remote  from  each 
other  are  statistacally  independent. 
However  flow  visual i sation  and 
measurements  of  space— time  correlations 
at  a  range  of  laboratory  Reynolds 
numbers  show  that  much  of  the  structure* 
especially  inthe  larger  scales,  is 
ordered  and  has  a  longer  characteristic 
decay  time  than  would  be  apparent  from  a 
statistical  analysis  of  the 
measurements.  The  measurements  of  Davies 
et  al.(32)  in  the  mixing  'eion  of  a  jet* 
show  that  the  average  convection  speed 
of  the  turbulence  is  almost  constant 
across  the  mixing  region.  The  space-time 
correlations  show  that  that  the  largest 
characteristic  time  scale  is  found  when 
the  moving  frame  analysis  is  performed 
at  a  speed  equal  to  the  convection 
speed.  In  addition  this  time  scale 
equals  the  inverse  of  the  mean  rate  of 
strain  l/vdU/dy),  as  proposed  above  in 
Section. (7),  Similar  results  have  been 
obtained  in  boundary  layers  by 


experiments  of  Grant ( 1 1 ) *resembl e  the 
Helmholtz  instability  of  a  vortex  sheet 
with  a  growth  and  decay  cycle.  The 
alternation  between  stability  and 
instability  suggests  that  overall  the 
flow  is  in  a  near-state  of  neutral 
stability,  and  the  contortions  of  the 
bounding  surface  allow  the  entrainment 
rate  o-^  irrotational  fluid  to  be 
self-adjusting  and  dependent  only  a 
constant,  called  by  Townsend  the  flow 
constant,  which  is  a  function  of  the 
flow.  Townsend  and  others  assume  the 
i  nstantaneous  flow  to  comprise  a  mean 
velocity  field,  U(x)  ,  a  large  eddy 
motion,  u',  and  the  main  turbulent 


Favre<33>.  There  appears  some  evidence 
that  the  characteristic  Strouhal  number 
of  the  turbulence  in  a  moving  frame, 
UoL/T(_  ,  IS  nearly  constant  across  a 
mixing  region,  or  thr^ghout  most 
turbulent  free  shear  flows*  end  the 
variation  of  the  propertiee  of  the 
turbulence*  including  the  Reynolds 
stresses*  across  the  mixing  region  is 
the  result  of  the  intermittency  caused 
by  flow  in  these  regions  as  being 
alternately  turbulent  and  non-turbul ent 
arleing  from  the  passage  of  the  big 
eddies  and  the  entrainment  of 
non-turbulent  fluid  from  outside  the 
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shear  layer.  Some  turbulence  models 
re-flfc-t  this  i ntermi ttenc y. 

However  turbulent  models  need  to  be 
based  on  the  properties  of  the  tubulence 
relative  to  the  local  mean  flowi  since 
the  modelling  must  be  based  on  the  mea^ 
-flow  analogy  discussed  above.  Thus  the 
analogy  will  not  involve  the 
intermittency  that  exists  in  the  real 
-f  1  ow. 

However  turbulence  models  based  on 
empirical  correlations  may  clearly  use 
the  measured  intermittency  to  provide 
the  necessary  data  base  -for  the  varying 
properties  of  the  turbulence  in  the 
given  region  of  flow. 

13.  ALTERNATIVE  APPROACHES. 

Throughout  this  presentation  attention 
has  been  focussed  on  the  dynamic 
processes  involved  with  turbulent 
mixing.  It  has  also  been  stated  that 
whereas  the  effects  of  the  turbulent 
mixing  are  concentrated  in  the  Reynolds 
stress  tensor^  with  its  six  independent 
compomentsi  the  combined  effect  of  the 
turbulence  on  the  mean  flow  is  governed 
by  the  -i.  vergence  of  the  Reynolds  stress 
tensor.  which  is  a  force  per  unit 
volume.  This  force  has  three  components 
only  and  it  is  the  magnitude  and 
direction  of  this  force*  which  we  will 
call  the  'vortex  force '♦  which 
influences  the  development  of  the  mean 
flow*  rather  than  the  influence  of  the 
separate  components  of  the  Reynolds 
stress  tensor.  Some  important 

conclusions  now  anise  as  to  the 
influence  of  the  Reynolds  stresses  and 
that  of  the  vortex  force. 

Let  us  write  the  equations  of  mean 
motion  in  ‘.i  e  following  formi 

=  F  -  7H  -  vcurlil  >  1.0  =  0 


where  F«Q>(  Q+gxu* 
and  H  =  P  ^  , 

We  see  that  F  can  be  interpreted 
as  the  overall  vortex  force  per  unit 


volume  and  q  x  w  is  related 
to  the  Reynolds  stresses  by 

the  relation: 
q  X  U  s  qq  , 

The  mean  flow  and  the  mean 
turbulent  kinetic  flux  equations 
become! 

_  ^£,2  *  o-  <9  X  w>  - 
<HO  -  v(Q  X  Q) >  and* 

^  o.  <9  X  «)  - 

9.  <hq  -  v(q  X  y)  } 


These  equations  show  clearly  the  role 
played  by  the  vortex  force  and  the 
Reynolds  stresses.  The  dissipation  is 

here  represented  as  and  vCl^  for  the 

turbulent  and  mean  flow  respectively. 
The  energy  transferred  from  the  mean 

flow  to  the  turbulence  is  Q. <q  x  w) . 

The  remaining  term*  when  the  mean  flow 
is  stationary*  involves  diffusion. 

We  see  that  the  part  of  the  vortex  fori-e 
attributed  to  the  turbulence  is 

(q  X  u)  . 

The  turbulent  kinetic  energy  is  included 
with  the  total  energy,  H*  and  : 


h  *  p  +  q.Q  *  is  the 

instantaneous  total  energy  in  the 
turbulence.  The  turbulent  energy 
equation  does  not  inc.jde  a 
pressure-rate  of  strain  interaction,  and 
the  pressure  enters  the  diffusion 
process  only.  The  major  contributions  to 
the  turbulent  energy  equation  arise  from 
the  linear  terms  in  the  equations  of 
motion  for  the  turbulent  flow.  These 
results  are  for  incompressible  flow  only 
and  need  modification  when  the  flow  is 
compressible.  All  these  equations  are 
exact  and  have  simply  been  obtained  by  a 
rearrangement  of  the  turbulent  terms  in 
the  well-known  Reynolds-averaged 
equations. 

The  inference  is  that  modelling  the 
Reynolds  stress  tensor,  or  deriving 
equations  for  the  derivation  of  its 
components*  may  not  afterall  be  the  best 
approach  in  deriving  the  influence  of 
the  turbulence  on  the  character i st i cs  of 
the  mean  flow*  as  well  as  the  Influence 
of  the  mean  flow  on  the  turbulence. 

It  has  been  known  for  a  long  time  that 
the  Reynolds  stress  itself  does  not 
provide  an  active  influence  on  the 
instantaneous  properties  o*  the 
turbulence.  A  simple  example  is  that  of 
the  turbulent  flow  over  a  flat  plate  in 
zero  pressure  gradient.  If  we  introduce 
the  usual  boundary  layer  approximations 
we  find  that: 

-uv»  i.(qx  y)  dy  =  -  i.(qx  y)  dy. 

"^0  y 

These  relations  show  clearly  that  the 
Reynolds  shear  stress  is  not  a  primary 
variable  of  the  turbulence.  Experiment 

shows  that*  in  general,  its  mean  value 
is  a  minute  fraction  of  its  peak  value. 
It  IS  determined  entirely  from  the  mean 
turbulent  component  of  the  vortex  force. 
The  turbulent  component  of  the  vortex 
force  IB  dominated  by  the  instantaneous 
magnitude  c.nd  direction  of  the 
vortlcity.  Reak  values  in  the 
fluctuating  vorticity  arise  from  vortex 
stretching  and  Pinching*  and  these  occur 
locally  in  the  smallest  scales  of 
turbulence  and  arise  sporadl cal 1 y .  When 
they  occur  their  contribution  to  the 
Reynolds  stress  is  enormous*  otherwise 
their  contribution  is  almost  negligible. 
Thus  to  attempt  to  model  the  Reynolds 


sh0«r  stress  terms  and  to  attempt  to 
interpret  such  model 11 09  in  physical 
terms  Is  open  to  great  dl-f 'f iculties.  The 
better  approach  appears  to  be  to  combine 
the  dsrlvatives  of  the  several  Reynolds 
stress  components  into  the  vortex  force 

vector  q  X  w  .  Equations  can  be  derived 
for  the  transport  of  the  turbulsnt 
vortex  force*  which  in  principal  are 
simpler  than  the  corresponding  Reynolds 
stress  transport  equations. 

However  here  we  simply  wish  to 
reinterpret  the  main  physical  components 
in  the  turbulent  energy  balance  equation 
*  the  k-equation.  There  are  just  three 
groups  of  terms.  The  production* 
dissipation  and  the  diffusion  terms.  The 
magnitude  and  direction  of  the  turbulent 
vortex  force  is  the  unknown  in  this 
system  of  equations.  The  dissipation 

function*  e  »  vu^*  is  also  an  unknown* 
unless  it  is  approximated  in  one  of  the 
forms  discussed  above.  If  however  the 
k-e  method  is  used*  we  need  to  solve  the 
equation  for  c.  The  C-equation  is  simply 
the  scalar  vorticitv  equation  and  the 
physical  interpretation  of  the  terms  in 
that  equation  can  be  better  understood 
than  if  we  think  of  it  as  a  transport 
equation  for  dissipation. 

14.  THE  EXPERIENCE  QF  CERTAIN  UK  GROUPS^ 

<a)  RAE. 

Lock  and  Milliams<34)  have  shown  that 
the  vi  scous*“invisci  d  interaction 
technique  is  an  efficient  and  accurate 
method  for  calculating  the  attached 
viscous  flow  over  aerofoils.  far 
two-dimensional  attached  flows  the 
existing  turbulence  models  appear  to  be 
satisfactory. 

The  prediction  of  separated  flows  and 
three  dimensional  flows  presents  a 
different  picture.  The  viscous-inviscid 
interaction  technique  is  not  viable  and 
even  the  most  complex  turbulent  flow 
models  appear  to  be  inadequate.  Accurate 
two-dimensicpiel  results  have  been 
achieved  up  to  large  high  lift 
coefficients  and  stalling*  but  not  when 
shock  induced  separation  is  involved  and 
when  large  regions  of  separated  flow 
exist.  In  three-dimensional  flows  it  has 
proved  passible  to  extend  the 
interaction  technique  up  to  limited 
regions  of  separated  flow  but  it  appears 
that  large  separated  flow  regions  will 
require  solutions  of  the  full  Reynolds- 
averaged  Navler-Stokes  equations  with 

suitable  turbulence  models.  It  is 
expected  that  with  such  methodology  a 
wide  range  of  practical  problems  could 
be  tackled  including*  wing  tips* 
Junction  shock  induced  separation 
and  Jet  flow*. 

The  RAE  have  studied  the  measurements 
and  surveys  by  Delery(3S)  and  Oelery  et 
al.(36)  on  shock  wave  Interactions 
ranging  from  incipient  to  extensive 
regions  of  separation*  for  the  purpose 
of  testing  the  performance  of  turbulence 
models.  Benay  et  al.<37>  report  results 
using  an  inverse  boundary  layer  method 
and  Dimitriades  and  Leschziner <36)  use  a 


Re ynol ds-aver aged  Na vi er -Stokes  method . 
RAE  conclude  that  zero-equation  models 
give  a  poor  representation  of  viscous 
processes*  particularly  near  separation. 
The  zero-equation  model  most  used  at 
present  for  problems  in  external 
aerodynamics  is  the  Baldwin-Lomax (39) 
‘mixing-length'  model.  Improvements  in 
the  mixing-length  model  can  be  obtained 
from  the  Johnston-King (40)  model*  which 
includes  history  effects*  through  an 
equation  for  the  rate  of  change  of  the 
maximum  shear  stress.  The  performance  of 
two-equation  models  appears  to  be 
variable  and  flow  dependent.  There  are 
important  distinctions  between  the  high 
Reynolds  number  version  using 

wal 1 -functions  and  the  low  Reynolds 
number  version  which  integrates  the  full 
equations  to  the  wall.  The  high-Reynolds 
number  version  permits  coarser  grids 
close  to  the  wall.  Dimitriades  et  al . 
have  extensively  tested  these  models  for 
the  case  of  the  tests  by  Delery.  They 
conclude  that  the  high-Reynolds  number 
solution  gives  an  excessively  thick 
boundary  layer  ahead  of  the  shocktwhich 
predicts  a  greater  tendency  towards 
separation*  and  once  separated  the 
recirculation  is  excessive.  The 
low-Reynolds  number  solution  tends  tc 
inhibit  separation.  All  models  predict 
levels  of  turbulence  energy  which  are 
too  small  immediately  downstream  of  the 
shock  and  values  of  shear  stress  which 
are  too  small  far  downstream.  It  is 
found  'that  the  full  transport  equations 
for  the  normal  stresses  should  predict 
strong  turbulence  anisotropy*  as  found 
in  the  experiments.  However  the 
two-equation  models  represent  the 
turbulence  properties  in  terms  of  two 
scalar  quatities  k  and  e.  Thus  these 
models  fail  to  predict  the  turbulent 
anisotropy  which  is  an  important 
property  of  the  real  flow, 
Leschziner (41)  suggests  that  the  use  of 
full  Reynolds  Stress  Models  provides  a 
notable  improvement  in  accuracy*  but  the 
errors  are  still  significant.  It  is 
suggested  that  some  of  the  errors  are 
possibly  the  result  of  the 
pressure-strain  interaction  producing  a 
tendency  towards  isotropy  and  the  use  of 
the  isotropic  dissipation.  Currently  new 
models*  to  overcome  thesm  difficulties* 
are  being  investigated.  It  is  also  hoped 
that  certain  results  obtained  from  lES 
and  Full  Simulation  calculations  will 
assist  in  a  more  accurate  determination 
of  the  pressure-rate  of  strain  and  the 
dissipation*  to  assist  in  their 
modelling  in  the  two-equation  and  full 

Reynolds  stress  models*  to  overcome  the 
difficulty  that  these  quantities  cannot 
be  directly  measured  in  experiments. 

In  three-dimensional  flows  the  problems 
become  complicated  by  Strong 
three-dimensionality  in  the  turbulence 
structure  and  the  influence  of  more 
complex  regions  of  separation.  Current 
versions  of  the  Reynolds  Stress  Models 
fail  to  explain  the  lag  in  shear  etress 
direction  and  the  decrease  in  amplitude 
from  that  obtained  in  two-dimensional 
flows*  as  found  in  the  experiments  of 
Van  den  Berg  et  al.(42)  and  Bradshaw  and 
Pontikos(43«44). 
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The  RAC  stress  thet  improvements  in 
turbulence  modelling  are  vital  'for  three 
dimensional  flows  and  separated  flows  in 
two  and  three  dimensions.  To  assist  the 
development  of  improved  methodolosy  for 
turbulence  models  the  need  is  for 
further  dedicated*  definitive 
experimental  studies  providing  good 
reliable  data  of  the  flow  field  and  in 
particular  the  measurements  of  the 
Reynolds  stresses.  Some  of  this  data 
exists  in  the  measurements  of  Van  den 
Berg  et  al.  and  Bradshaw  and  Pontikos* 
and  further  data  is  currently  being 
collected  in  the  experiments  on  the 
three-dimensional  6ARTEUR  AG07  wing. 

To  avoid  some  of  problems  related  to 
reduction  in  the  level  of  numerical 
diffusion  referred  to  above*  the  QUICK 
scheme  of  Leonard (4^)  is  being  modified 
to  include  higher  order  upwind  schemes. 
There  is  also  on-going  work  at  RAE  to 
identify  the  errors  caused  by  numerical 
diffusion.  Support  is  also  being  given 
to  the  development  of  methods  using  LES 
to  provide  an  input  to  the  modelling  of 
turbulence  quantities  that  currently 
cannot  be  obtained  by  measurement. 
Finally  there  is  work  supporting  the 
understanding  and  prediction  of 
transition. 


VC).  UK-AEA  HARWELL. 

The  Group*  during  the  last  decade*  has 
worked  extensively  on  solutions  to  the 
Reynolds-averaged  Navier-Stokes 
equations.  The  current  computer  code* 
HARWELL-FL0W3D*  has  been  used  for 
solutions  to  a  variety  of  flow  problems. 
The  standard  version  uses  a  k-C  model  on 
the  assumption  of  an  isotropic  eddy 
viscosity.  For  curved  flows  it  has  been 
found  necessary  to  remove  this 
restriction  by  including  the  transport 
equations  for  the  Reynolds  stress  tensor 
components.  Thus  FL0W3D  is  a  Reynolds 
Stress  Model  using  body  fitted 
coordinates.  Typical  results  obtained 
with  jDoth  an  Algebraic  Stress  Model  and 
the  Reynolds  Stress  Model  are  found  in 
Clarke  and  Wi  1  kes  (4-7,4 . 

(d)  .  (3MC. 

Professor  Leslie's  Group  have  a  wide 
experience  in  the  use  of  LES  for  a 
limited  range  of  flow  geometries. 
Sub-grid  scale  modelling  is  by  the 
Smagormsky  eddy  viscosity  model.  More 
recentl y  the  Group  has  commenced  work 
using  k-C  and  current  attention  is 
focussed  on  the  numerical  scheme  and 
improvements  in  accuracy. 


<b) .  UMIST. 


(e).  SURREY  UNIVERSITY 


The  CFD  work  at  UMIST  is  well-known  and 
is  devoted  to  the  study  of  turbulent 
flows.  The  aim  is  the  development  of 
computer  programmes  which  can  be  used 
for  an  increasing  range  of  flows.  The 
Group  sees  many  problems  in  zonal 
modslling*  and  would  prefer  to  continue 
along  a  more  'universal  '  line  of 
development.  The  Group  has  shown 
improved  results  by  moving  from 
one-equation  to  two-equation  eddy 
viscosity  models*  and  from  an  eddy 
viscosity  scheme  to  a  Reynolds  Stress 
Model*  known  as  'second  moment  closure'. 
The  expectation  is  that  second-moment 
closures  will  replace  the  standard  k-c 
models  within  the  next  decade*  and 
become  the  'engineering  standard*. 


Dr.  Castro's  Group  has  recently  started 
work  on  flows  involving  large  regions  of 
separation  and  plans  to  investigate 
zonal  modelling.  The  aim  is  to  perform 
calculations  on  flows  for  which  the 
experimental  data  is  available*  such  as 
the  Test  Cases  in  the  Stanford 
Conference ( 1980-1981 ) .  The  computer 
codes  will  include  k-€  and  FL0W3D  and 
comparisons  will  be  made  with  results 
from  Rapid  Distortion  Theory  and 
PHOENlCS.  Current  interest  is  focussed 
on  the  results  from  the  straight  pipe  - 
contraction  -  diffuser'  exercise*  where 
a  relatively  simple  set  of  flows  has 
produced  a  wide  variety  of  apparently 
converged  solutions*  using  the  standard 
k-E  and  Reynolds  Stress  Models. 


The  Group  report  improvements  to  the 
C-equation  where  excessive  near-wall 
length  scales  are  obtained.  Further 
improvements  have  been  made  to  the  tijs 
term  which  are  required  when  applied  to 
strong  swirling  flows. 

The  Group  has  moved  away  from  Algebraic 
Stress  Models*  and  has  more  recently 

concentrated  on  Reynolds  Stress  models. 
The  number  of  different  external  and 
internal  flows  studied  Is  very  large  and 
the  experience  gained  in  the  use  of 
these  codes*  and  the  comparison  of 
rasults  with  experiment  is  not  easily 
summarisad  hara.  In  most  casa  studies 
the  current  methods  have  performed  well 
yet  further  improvements  are  needed. 
Reference  should  be  made  to 
Launder(44<)  and  Leschziner  U|  >  for 
further  details  of  the  UMIST  experience 
on  the  use  of  their  second  order  moment 
closure  scheme  incorporating  their 
turbulence  models. 


15.  CONCLUSIONS. 

The  present  paper  sets  out  to  examine 
the  background  and  the  basis  for  the 
different  models  of  turbulence  as 
currently  used  for  solutions  to  the 
Reynolds-averaged  Navier-Stokes 
equations. 

The  Current  status  of  the  different 
schemes  is  briefly  described  and  some  of 
the  current  experience  is  reviewed. 

The  conclusion  is  drawn  that  no  model  of 
turbulence  as  currently  employed  is 
full reatisfactor y,  although  many 
computer  codes  may  legitimately  claim  to 
give  reeulte  to  engineering  accuracy'. 
The  need  is  stressed  to  provide  means 
for  calibrating  all  CFD  computer  codes 
against  good*  raliable*  Indepandentl y 
assessed  experimental  data.  In  addition 
•4iere  possible  the  numerical  methods 
need  to  be  carefully  checked  for  errors 
arising  from  too  larga  numerical 
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di-f^usion,  which  in  some  ca««*  is  known 
to  mask  the  characteristics  of  the 
turbulence.  Numerical  test  cases  »l°n* 
asainst  time-dependent  analytic 

solutions  may  also  be  a  method  to  assess 
the  performance  of  the  numerical  scheme. 

In  all  codes  the  errors  introduced  with 
different  srids  needs  careful 
assessment. 

The  mean  flow  analofly'  i«  discussed  as 
the  main  basis  for  turbulence  modellms 
and  reference  is  made  to  its  comparison 
with  the  structurs  of  turbulence  in  the 
real  flow.  The  mean  flow  analogy  i« 
shown  to  be  justified  by  the  use  of 
■ isvl ev ■ s  h  ypothesim ' • 

Attention  is  drawn  to  a  need  for  a 
reassessment  of  the  central  role  claimed 
in  turbulence  modellins  for  the  si^ 
independent  components  of  the  Reynold# 
Stress  Tensor.  It  is  shown  that  the  mean 
flow  is  controlled  not  by  the  Reynolds 
stresses  but  rather  the 
the  Reynold#  stress  tensor,  which  is  a 
force  per  unit  volume,  and  to  ix* 
masnltude  and  direction.  A 
discussion  leads  to  the  introduction  of 
the  vortex  force  per  unit  volume,  and 
Its  turbulent  component,  s  x  u.  It  is 
shown  that  all  turbulant  flow  models  can 
be  reduced  to  these  derived  quantities, 
and  not  only  can  the 
understandina  of  the  turbulence  model  be 
improved,  there  appears  to 
expectation  that  greater  accuracy  will 
be  obtained  in  the  final  analysis. 

The  final  conclusion  relates  to  the  need 
to  replace  the  term  eddy  viscosity  by  a 
term  that  more  adequatel y  expresses  the 
larae  scale  turbulent  mixing  process  in 
a  turbulent  flow.  A  simple  and  yet 
startling  conclusion  is  that  the  use  o 
eddy  viscosity  over  the  past 
provide  a  rough'  description  of 
turbulent  mixing,  when  it  is  known  that 
the  process  of  turbulent  mixing  is  m 
noway  analogous  to  viscous 
can  be  justified  by  replacing  it  by  the 
term  large  eddy  circulation  ,  a 
quantity  that  has  -he  same  dimensions 
and  numerically  is  of  the  same  order  of 
magnitude.  Moreover  it  truly  describe 
what  large  scale  mixing  does  perform. 
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COLLABORATIVE  TESTING  OF  TURBULENCE  MODELS 
Peter  Bradshaw 

Mechanical  Engineering  Department,  Stanford  University,  Stanford,  CA  94305-3030,  USA 


1.  SUMMARY 

A  review  is  given  of  an  ongoing  international 
project,  in  which  data  from  experiments  on,  and 
simulations  of,  turbulent  flows  are  distributed  to 
developers  of  (time-averaged)  engineering  turbu¬ 
lence  models.  The  predictions  of  each  model  are 
sent  to  the  organizers  and  redistributed  to  all  the 
modellers,  plus  some  experimentalists  and  other 
experts  (total  approx.  120),  for  comment. 

An  incidental  result  of  the  project  is  an  assembly 
of  progress  reports  from  turbulence  modellers  all 
over  the  world.  For  present  purposes,  recent  ref¬ 
erences  to  papers  by  US  contributors  are  given. 

2.  INTRODUCTION 

This  project  stemmed  from  discussions  at  Stan¬ 
ford  University  about  a  possible  repeat  of  the 
1980/81  Stanford  Conference  on  Computation  of 
Complex  Turbulent  Flows:  at  the  1980  meeting  a 
set  of  test  cases  was  agreed  on  the  basis  of  reports 
by  evaluators,  each  of  whom  was  appointed  to  ex¬ 
amine  the  available  experimental  data  for  a  given 
flow  type,  while  at  the  1981  meeting  the  results 
of  predictions  were  presented.  In  informal  discus¬ 
sions  at  the  Cornell  University  “Whither  Turbu¬ 
lence”  symposium  in  March  1989,  Dr  D.M.  Bush- 
neli  of  NASA  Langley  Research  Center  pointed 
out  that  a  collaborative  eflbrt  conducted  by  cor¬ 
respondence  (including  mailing  of  tapes  and  disks 
plus  Fax  and  electronic  mail)  would  allow  better 
interaction,  optimisation  and  discussion  than  a 
“sudden  death”  conference.  (A  criticism  of  the 
1980/81  conference  was  that  a  one-week  meet¬ 
ing  was  too  short  for  thoughtful  evaluation  of 
results.)  Subsequently  a  proposal  by  Peter  Brad¬ 
shaw  (Stanford)  Brian  Launder  (Manchester)  and 
John  Lumley  (Cornell)  was  approved  for  joint 
funding  from  the  US  Air  Force  Office  of  Scien¬ 
tific  Research,  US  Army  Research  Office,  NASA, 
and  the  US  Office  of  Naval  Reseiuch.  The  wms 
are  those  of  the  1980/81  conference,  which  was 
supported  principally  by  the  U.S.  Air  Force  Of¬ 
fice  of  Scientific  Research  -  to  assess  and  improve 
the  art  of  turbulence  modelling.  The  project  is 
being  run  from  Stanford  University. 


The  project  was  announced  in  August  1989.  The 
first  stage  will  last  until  April  1991  and  involves 

(1)  distribution  of  data  sets  in  standard  form  to 
the  modellers 

(2)  return  of  predictions  to  the  organizers  for  dis¬ 
tribution  to  all  participants  (modellers  and  ex¬ 
perimenters) 

(3)  return  of  participants’  (brief)  comments  on 
the  predictions,  again  for  distribution  to  all  par¬ 
ticipants 

(4)  modification  of  models  in  the  light  of  (2)  and 

(3) 

(5)  iteration  of  steps  (2)  to  (4) 

(6)  status  report,  provisionally  entitled  “Turbu¬ 
lence  modelling  -  where  are  we?”  to  be  presented 
(probably  by  one  of  the  organizing  committee)  at 
the  AIAA  Reno  meeting  in  January  1991. 

(7)  workshop,  provisionally  entitled  “Turbulence 
modelling  -  where  are  we  going?”  in  April  1991, 
to  consider  needs  for  experiments  and  modelling. 

The  gap  between  (6)  and  (7)  is  to  allow  reaction 
by  people  outside  the  active  participant  group 
(the  grant  to  the  organizers  has  been  much  de¬ 
layed,  and  now  runs  from  1  Feb.  1990  to  31  July 
1981).  The  sponsors  have  agreed  that  this  should 
be  an  international  effort,  with  no  restrictions  ex¬ 
cept  those  involving  proprietary  data:  any  data 
or  turbulence  models  resulting  from  the  part  of 
the  project  supported  by  US  government  funds 
would  be  freely  avrulable.  At  the  time  of  writing 
there  are  participants  from  USA,  Canada,  Eng¬ 
land,  France,  the  Netherlands,  Norway,  Sweden, 
Denmark,  Germany  (BRD),  Yugoslavia,  Greece, 
USSR,  India,  Australia,  Japan  and  Korea. 

The  value  of  ongoing  interaction  by  mail  emerged 
even  in  the  early  stages  of  the  project,  when 
inspection  of  the  first  results  by  the  organizers 
showed  up  errors  in  the  models  or  numerics  used 
by  several  workers  (who  were  unanimously  grate¬ 
ful  for  the  information!);  they  were  able  to  sub¬ 
mit  revised  results.  Further  short-term  optimi- 
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sation  is  expected,  but  unfortunately  the  length 
of  the  project  -  just  over  a  year  of  active  work 
-  is  far  shorter  than  the  four-year  program  the 
organizers  proposed  as  the  minimum  to  allow  a 
worthwhile  development  cycle.  Also,  the  original 
idea  of  commissioning  new  experiments  has  been 
abandoned,  and  because  of  the  short  timescale 
we  have  not  tried  to  repeat  the  1980/81  pro¬ 
cedure  of  formal  evaluation  reports  on  existing 
data.  The  Data  Library  prepar^  for  the  1980/81 
conference  still  forms  the  basis  of  the  test  cases. 
Suggestions  for  test  cases  have  been  circulated  by 
the  organizers  for  comments  by  all  Collaborators, 
and  several  new  sets  of  data  have  been  offered  to 
us.  As  far  as  possible,  the  new  test  cases  are  be¬ 
ing  tried  out,  mainly  at  Stanford,  before  distri¬ 
bution.  The  evaluation  of  test  cases  will  continue 
as  part  of  the  actual  process  of  calculation:  if  dif¬ 
ferent  models  show  consistent  disagreement  with 
a  given  data  set,  then  the  data  will  be  regarded 
with  suspicion  -  at  least  by  the  modellers. 

It  is  to  be  hoped  that  the  present  project  will 
throw  sufficient  light  on  the  current  state  of  tur¬ 
bulence  modelling  for  desirable  lines  of  work  to 
be  identified,  if  not  executed.  Since  the  present 
organizing  group  is  strongly  biased  towards  Rey- 
nolds-stress  modelling,  contributors  with  other 
biases  -  or  no  bias  at  all  -  are  especially  wel¬ 
come,  but,  to  our  surprise,  users  of  Reynolds- 
stress  models  are  the  largest  single  group,  out¬ 
numbering  “two-equation”  modellers  (although 
some  Reynolds-stress  modellers  say  that  they  will 
use  two-equation  modek  for  some  test  cases  and 
two-equation  modek  are  in  the  majority  in  the 
results  actually  returned  to  date). 

3.  ORGANIZATION  OF  PROJECT 

Participants  fall  into  two  classes  (i)  “modellers”, 
who  are  the  originators  or  innovative  users  of 
turbulence  models,  (ii)  “experimenters”  who  are 
either  providers  of  originiJ  test  data  or  people 
likely  to  be  able  to  comment  usefully  on  the  re¬ 
sults  produced  by  the  modellers.  Both  classes 
were  identified  initially  as  those  who  had  pub- 
Ikhed  papers  on  modelling  or  on  potentially  use¬ 
ful  experiments  in  about  the  last  three  years. 
No  formal  advertking  has  been  done,  but  invi¬ 
tees  have  spread  the  word  and  there  are  now  116 
Collaborators  (85  modellers  and  the  rest  experi- 
menteis).  18  are  from  industry,  28  from  govern¬ 
ment  establishments  and  70  from  universities). 
The  proportion  from  industry  is  small,  but  it 
is  gratifying  that  manufacturers  and  consulting 
companiet  are  prepared  to  spend  money  on  a 
public-domain  collaboration  to  improve  turbu¬ 
lence  modelling. 


Thu  total  of  well  over  a  hundred  participants  k 
much  larger  than  anticipated,  and  presents  a  se¬ 
vere  problem  in  dissemination  of  teat  results:  the 
organizers  must  send  each  of  N  modellers  the  re¬ 
sults  of  all  N  modellers  -  i.e.  N*  pieces  of  infor¬ 
mation,  each  “piece”  being  the  salient  results  of 
perhaps  50  test  cases.  As  a  result,  we  intend  to 
be  furly  brutal  in  dropping  unresponsive  people 
from  the  circulation  Ikt.  Initially,  we  shall  circu¬ 
late  only  a  few  diagnostic  results  for  each  case, 
irrespective  of  the  amount  of  material  submitted 
to  us:  when  controversies  arise,  larger  volumes 
of  data  can  be  circulated  ad  hoc. 

4.  PRESENT  POSITION 

We  began  by  asking  all  modellers  to  submit  pre¬ 
dictions  for  four  “entry  test  cases”,  namely  con¬ 
stant-pressure  (flat  plate)  boundary  layers  at  a 
momentum-thickness  Reynolds  number  of  10000: 

(i)  skin-friction  coefficient  c/  at  low  Mach  num¬ 
ber,  kothermal 

(ii)  Stanton  number  St  for  low  Mach  number 
heat  transfer  with  small  temperature  difference 

(iii)  cf  and  St  for  low  Mach  number  heat  transfer 
with  absolute  wall  temperature  equal  to  6  times 
free  stream  temperature 

(iv)  c/  for  adiabatic  wall  at  M=5  -  i.e.  roughly 
same  temperature  ratio  as  case  (iii). 

The  object  was  to  identify  significant  inaccura^ 
cies  in  models  or  numerics  -  and,  as  mentioned 
above,  several  errors  have  been  detected  and  cor¬ 
rected. 

28  modellers  have  so  far  submitted  predictions 
for  the  entry  test  cases,  and  several  more  have 
been  promked).  Of  the  28  (some  of  whom  re¬ 
ported  results  for  more  than  one  model)  there 
were  8  predictions  with  stress-transport  modek, 
one  algebraic  stress  model,  14  “Jb,  e”  or  other  two- 
equation  modek,  and  4  algebraic  eddy  viscosity 
(or  mixing  length).  11  of  the  25  were  from  out¬ 
side  the  USA.  All  but  one  or  two  participants 
predicted  (i)  to  within  a  few  percent  of  the  ex¬ 
pected  value  of  0.0026  (most  turbulence  modek 
being  optimked  for  flat-plate  skin  friction),  and 
results  for  5t  in  (ii)  had  a  standard  deviation  of 
0.05  of  the  mean  value,  0.00152.  However  results 
for  (iii)  and  (iv)  were  more  scattered,  and  the 
standud  deviation  of  c/  at  M=5  was  0.28  of  the 
mean  value,  0.001  (reported  values  ranged  from 
0.00061  to  0.0019).  Possibly  some  compressible 
codes  ate  not  usually  run  above  the  transonic 
range. 


Modellers  were  also  asked  to  supply  a  one-page 
summary  of  their  current  research,  for  circular 
tion  to  all  participants:  and  so  far  66  people  (in¬ 
cluding  some  experimenters)  have  done  so.  This 
assembly  of  information  is  valuable  in  itself,  and 
at  the  end  of  the  project  we  shall  ask  participants 
to  update  their  contributions  for  inclusion  in  the 
&nal  report.  At  the  end  of  this  paper  a  selection 
of  recent  reference  to  US  modelling  work  is  given: 
it  does  not  include  all  the  US  participants. 

Distribution  of  data  following  the  entry  test  cases 
is  in  two  main  stages.  Elarly  in  April  1990  we 
distributed  IBM  PC  disks  containing  nearly  all 
the  test  cases  from  the  1981  Stanford  meeting,  a 
selection  of  compressible-Bow  data  from  AGAR- 
Dograph  315  by  Fernholz  et  al.,  and  a  6rst  batch 
of  newer  test  cases  which  were  offered  to,  or  so¬ 
licited  by,  the  Organizing  Committee.  This  Brst 
batch  consisted  mainly  of  cases  that  were  already 
available  to  us  in  usable  machine-readable  form 
or  required  only  minor  editing,  and  comprised  a 
“mandatory”  set  of  test  cases  to  b^  completed  by 
serious  contenders. 

In  the  second  stage,  lasting  until  1  August  1990, 
test  cases  requiring  signi6cant  preprocessing  by 
the  organizers  will  be  distributed  when  ready. 
Each  batch  of  test  cases  will  carry  a  deadline  for 
receipt  of  results  at  Stanford:  such  deadlines  are 
advisory  rather  than  mandatory,  but  are  neces¬ 
sary  to  maintain  some  sort  of  scheduling  for  the 
organizers  and  the  modellers. 

With  the  exception  of  the  “entry”  cases,  the  sys¬ 
tem  of  mandatory  test  cases  used  in  the  1981 
meeting  is  not  being  repeated:  in  1981  the  idea 
was  to  check  the  claims  of  model  universality,  but 
the  most  valuable  result  of  that  meeting  has  been 
the  current  attitude  that  the  modeller  should 
prove  bis  claims  for  range  of  validity  by  present¬ 
ing  comparisons  with  test  cases  covering  the  full 
range  of  his  model’s  applicability.  Also,  in  1981  it 
was  essential  for  all  queries  to  be  cleared  up  dur¬ 
ing  the  one-week  meeting:  now,  we  have  more 
time. 

To  concentrate  the  minds  of  the  modellers,  we 
have  nominated  “priority”  test  cases,  covering  a 
range  of  flows,  for  which  results  should  be  sub¬ 
mitted  to  the  organizers  by  1  June:  models  which 
cannot  deal  with  moat  of  this  range  will  be  re¬ 
garded  as  “specialized”. 

Clearly  the  aut  of  turbulence  modelling  is  not 
likely  to  be  advanced  during  the  project  itself, 
but  the  whole  point  is  to  allow  time  for  thought, 
for  identiflcatiott  of  shortcomings  in  the  datasets. 


and  for  correction  of  minor  shortcomings  in  the 
models.  Also,  it  is  high  time  that  the  conunu- 
nity  tried  to  draw  conclusions  about  the  ranges 
of  validity  of  the  different  models  and  their  likely 
errors. 

A  major  interest  of  the  supporting  agencies  is  in 
prediction  of  compressible  flows  (especially  shock 
/  boundary-layer  interactions  and/or  3-D  flows): 
most  other  single-phase  flows  are  subsets  of  these, 
and  participation  by  workers  outside  aerospace, 
who  may  be  interested  only  in  low-speed  flows, 
is  of  course  unreservedly  welcome  -  most  turbu¬ 
lence  data  come  from  low-speed  flows,  with  or 
without  heat  transfer. 

,5.  ZONAL  MODELLING  AND 

SELECTIVE  DEBUGGING 

By  definition,  a  “model”  has  coefficients  which 
are  evaluated  within  the  computer  program  with¬ 
out  case-to-case  adjustment  by  the  user.  How¬ 
ever,  the  “zonal  modelling”  concept  suggested 
by  Kline  at  the  1980/81  meeting  implies  that 
the  coefficients  may  depend  on  the  flow  type, 
which  in  turn  implies  that  the  computer  program 
must  identify  the  kind  of  flow  it  is  calculating.  A 
model  which  required  the  user  to  choose  the  qual¬ 
itative  flow  type  (boundary  layer,  mixing  layer, 
etc)  from  a  list  in  the  program  would  be  accept¬ 
able  in  principle,  but  such  a  model  would  have  a 
hard  time  with  -  for  example  -  separation  bub¬ 
bles,  in  which  the  flow  nominally  changes  from 
boundary  layer  to  mixing  layer  and  back  agiun. 
We  have  asked  Collaborators  to  use  the  same 
model  (as  defined  above)  for  all  test  cases  -  or 
identify  different  modeb.  Several  Collaborators 
have  pointed  out  that  they  use  different  codes 
for  different  types  of  flow  (for  example,  a  Navier- 
Stokes  code  would  not  be  used  for  a  boundary 
layer,  or  a  compressible  code  for  constant-density 
flow)  but  of  course  thb  should  not  change  the 
empirical  content  of  the  mo  lei.  We  are  feeling 
our  way  in  dealing  with  numerical  error.  It  b 
possible  that  a  few  of  the  successful  predictions 
for  constant-pressure  boundary  layers  m:;^  have 
been  obtained  with  codes  that  were  debugged 
until  they  gave  the  right  answer,  or  with  mod¬ 
eb  adjusted  -  in  good  faith  -  to  compensate  for 
finite-difference  errors  or  plain  programming  er¬ 
rors,  but  we  would  expect  such  errors  to  show  up 
in  unexpected  discrepancies  in  other  test  cases. 
Simple  checks  of  mass  and  momentum  conserva¬ 
tion  can  be  made  as  needed. 
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6.  CONCLUSIONS 

The  ioternfttioiutl  project  on  Collaborative  Test¬ 
ing  of  Turbulence  Models  is  off  to  a  good  start: 
there  is  a  large  discrepancy  between  the  85  mod¬ 
ellers  who  signed  up  for  the  project  and  the  28 
who  have  actually  submitted  results  for  tbe  en¬ 
try  test  cases  by  the  time  of  writing,  but  the 
gap  is  likely  to  narrow.  Even  the  organizers’  in¬ 
spection  of  the  entry  results  has  identified  several 
discrepancies  which  have  been  traced  to  numer¬ 
ical  errors,  and  as  the  collaboration  and  interac¬ 
tion  proceeds  we  expect  that  many  of  the  contra¬ 
dictions  and  confusions  in  the  literature  will  be 
resolved.  We  hope  that  some  improvements  in 
turbulence  modelling  will  be  possible  even  dur¬ 
ing  the  lifetime  of  the  present  18-montb  project, 
but  the  mmn  purpose  is  to  set  the  scene  for  a 
longer-term  effort. 
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The  papers  presented  at  a  Technical  Status  Review  on  “Appraisal  of  the  Suitability  of  Turbulence 
Models  in  Flow  Calculations”,  which  was  held  at  the  66th  AGARD  Fluid  Dynamics  Panel 
Meeting  on  26th  April  1990  in  Friedrichshafen,  Germany,  have  been  assembled  in  this  l  eport. 
These  papers  provide  a  status  review  of  the  activities  in  several  of  the  NATO  nations  which  is 
aimed  at  assessing  the  use  and  suitability  of  existing,  and  emerging,  turbulence  models  in  flow 
fields  calculations.  As.sessmcnts  are  presented  for  both  steady  and  unsteady  flow  fields  associated 
with  a  variety  of  problems.  These  problems  include  forced  convection  flow  fields  for  both  attached 
and  separated  shear  layers,  two-phase  flow.s,  and  turbulent  reacting  flows  in  addition  to  flow  fields 
driven  by  free  convection. 

1  i.ese  assessments  indicate  that  there  is  presently  no  universal  turbulence  model  which  provides 
acceptable  results  for  a  broad  spectrum  of  flow  problems  and  some  doubt  is  expressed  concerning 
the  possibility  of  ever  being  able  to  develop  such  a  model.  However,  some  success  is  noted  for 
turbulence  models  which  were  developed  for  and  applied  to  problems  with  similar  flow  field 
characteristics.  It  is  generally  concluded  that  much  work  remains  to  be  done  to  develop  a  more 
universal  turbulence  model  which  is  suitable  for  more  general  applications. 


iory  Report  291  AGARD-AR-29J  AGARD  Advisory  Report  291  AGARD-AR-291 

p  for  Aerospace  Research  and - Advisory  Group  for  Aerospace  Research  and  - 


! 


> 


HUS,  ANCUil- 


9J200  weuili  /- 
TKANCt 


.UR-SEINE 


'iepitoiie  38  i.'Ol)  !f;t.  610  1/6 
ftictopie  ( 1 1<7  J3  S/ 99 


SION  l>FS  IMSBI.H  VI IONS 
AOARI)  NON  <  l  ASSimiS 


1  *  r*  w  ■*  *  I ^l'n  I  "t  itr  '■1  -4  tiali'i  nil  Him  lU'iii  J  l  iuliCiH*  i  r()i;  sMi'>  I  ii  (niloit'Ki  imji  A-iI;  ■ 

I  i,i- 1  A(  CM  otk'CHscc  luipuA  llc^  pay<  mcmhics  tiir  ccMc  ntttafv^attnn  pat  '  imctmwiSiaiic  dc’.  Ccnltcit  Naiinn  r.n  <li 

rill; I'll  MHv.mis,  A I  cwcpilcM  dcs  I  tiilN-(.fni''.ccsccmrcHdispincm  paitmMrcxrmpbitci  ailiii!i(inncl>;ijan'i  IcM'itaconitaiirc.on  |h  u! 

•i ;  i.  I  cf' I'xcinpliHris  M)ti\  (urmc  tio  iiiKrolitlicaou  dc  itiicriKiipicaaiiprcadc^  Agcncct  dc  Vcnlc  donlla  li»lc  Mitic 


M  1  i  M.'V.'NH 
Ki'iNiuhc 

n  u;!.)  I'l'pi'ldsliiikii 


(1  N  I  KI  S  |)|  on  H  iSION  NA  I  IONAIIX 

ISI  ANDIi 

Director  ol  Aviitlion 
(.'■(I  Miigrad 
Keykjavik 


Hi  !  ( 'if.iUI, 

<  I'lTdoiinaltur  AtiAKI)-'-  SI 
!  i.ii-Majoi  dc  la  I  civc  Acricimc 
(.Hiiirlict  licinc  l  lnaliclli 
Km  d  l  verc.  I  I4tl  Itriixclk-' 


IIAl.ll 

Actnnauuca  Mililaiic 

l.lfficiodcl  Dclcplo  Na/toiiak  aSi  At  iAKD 
4  Piazjalc  Adenauer 
•  10144  Roma  I'UK 


<  WAI'A 

i  Sicciciir  dll  Sci  vice  dev  Ilciiveij’iicmciUv  Scitnlilitpicv 
_  .Miiii'Hi'Jc  dc  la  Defenve  Naliimalc 
t  Jllavva,  ( tiitariii  K I A  0K2 

('AM  MARK 

Dj'iiivli  Dctcncc  Kcvcarcli  Hoard 
N'cd  kiracivparken  4 
.1100  Copenhagen  () 

l-S!>AdtM-, 

IN  1 A  (AGARI)  Pul'licalions) 

I'lntor  kovalcv  .'4 
;S(1I).H  Madrid 

i  i  AIS-CNIS  ■, 

Naiimial  Acroiiaulicvand  Space  Adiiuitivtralion 
I  imi'Jcy  Rcvcarch  Center 
M  S  IhO 

I  kiaipton.  \  irginia  2.kiti5 
!  ItANCi: 


I  I'M  MHOlIRti 
I  Off  Itelgiquc 

NtrKVMil 

Norwcijian  Dctcncc  Rcscaieh  l.staSvhvlimcm 
Attn:  lliblioickcl 
P.O.  Hox  29 
N-2II07  Kjelirr 

PAS.S-BAS 

Netherlands  Delegation  to  ACiARD 
National  Aerospace  I  aboratory  Nl  ,R 
Kluyverweg  I 
2r>2‘)  HS  l>elft 

PORTUCAI. 

Portuguese  National  (,  iH>tdinai(»i  to  A(  iAK!  • 
f  labineie  de  Esludov  e  Programas 
CLAHA 

Base  dc  Alftagidc 
Alfragidc 
27<K»  Amadora 


< )  Nd  ,R.A.  (Direilionj 

.'0.  Avenue  dc  la  Division  I  .ecleic 

'C.’20.  Chaiillon  sous  llagneiix 

(dilti 

I  Ii  ik'iiic  Air  I'oree 
/\ir  War  College 
Scicnlilie  and  Technical  I  ahrary 
Dekelin  Air  Porcc  Base 
Dekelia.  Athens  rOA  MMO 


ttOYAUMK  UNI 

Defence  Research  litioiiiialion  (  ciilic 
Kcniigern  House 
65  Brown  Street 
Glasgow  02  Hl-X 

rUKOUIK 

Mill!  Savunma  Baykanligi  (MSH| 
AROli  Daire  Bayknnligi  (AROP) 
Ankara 


l.l-  CKhri’RK  NAI  IONAL  DC  DISTRIBUTION  DES  E  l  ATS-UNIS  (NASA)  NE  Dt HI  NT  PAS  DE  SIXX'KS 
!  !l  S  PUm  ICA I  IONS  ACiARD  K I  I.ES  DEMANDES  D  EXEMPI^IRES  DOIVEW  ETRE  ADRESSEES  DIRI-m.MI  N I 
AU  SERVICE  NATIONAI.  I ECMNIQUE  DE  L’lNEORMATION  (NTIS)  IX)N  I  '.  ADRHSSI-  SUIT 


N'.'iiiaial  I  celmical  liilotnialioii  .Sefvn  e 
iN  I  ISj 

CT'C.  i'oil  Royal  Road 
Npimglicli!,  Virginia  22lni 
I  lai'.d  ktis 

l.e'.dtinandcsdcmicrolichcs! 


API  NCES  DE  VEN n; 

liSA/Inrormation  Retrieval  Scivire 
Enropean  Space  Agency 
I B.  rue  Mono  Nikis 
75015  Paris 
Erance 


Ihc  Btnish  Ltbraiy 
Dccumcni  Swipiy  Dtviston 
Boiion  Sim,  wcilW  ihv 
WcsiYoiishiirES.VCTBO 
RnyaumeUni 


esoude  phot  ocopiesdc  documents  A(rARD(ycompmksdcmaiHkKl*ite»Mim^<lttK11S)d«Mv«nts.'ain(>oiivr 
la  d'iiMiininai'on  AOARD.  ainsi  t|uc  Ic  numcro  dc  iMSrle  de  I'AOARD  (pat  cscmpic  AOARIVA(E)  1 5).  lica  iitfonnttttm  analdcucs,  tenrs 

i:,~,.ai.... -..Mt  *#SAtkf'v  1%  vn  a.a. 


irtirrcctlj  dnicdn  publicaUmiMmUmihoMiibk'fi.Vculllcrnnicr^u  My  alien 


iip6^iflerAGARI>*|lHMmf«ACIARn  ARfm«ikMMkh 
iiimandt’(li;'rapp<>ftsACiARDcidc»rapporisconsuliallfsAOARf)nriip«cilscmcni.l)c*rtlemtee*HWhnm|slilqof»«*»ir|d<fl%'»i^s)gpii" 
(■Mimes  del  publications  AOARD  ftgutcni  dans  les  Joutnaus  sulvanis: 


Ikienlifiquc  and  Technical  Aerospace  Reports  (STAR) 
piibke  pat  la  NASA  Scleniil’u  iitid  Tcchnlcfll 
lnforms!»«n  Division 
.N  \SA  IlcadiiUaitei* (N IT) 

'■V.tshington  .'OSTfi 

s  !,'i:'vPiu» 


CopV 


Goventment  RftwnsAnA><«mc«mem««sdlnArs((iRAVI) 
piiWknat Ic  Naihsnal  Ircttnkal  Infrssmsbisti Setskv 
SprtngflcM 
Viifpnia  22161 
( Tats-Onls 

(,«:vcv<UMe  cw  »s,ic  twirtaslil  doiw  la  Isase  de 

b»ht«s|is^d)ikgi»-«  to  lt(EBc  d»  NTIN. «  sw  iTJ-RsYM  i 


GSlM 


fwfitimi- iturSfh-1  ia/hnt  t  oHWtirf 

*1  ChigweU  Ltitir,  lun^nm,  H$an  ItHfi  W/ 


tllSiKIHt  UONOt-  «  I.ASSJUH* 

a«;ak!HM,bijcaiionh 


!«:  iJJ  utu.ii  v  yjaAfiNi 

fRANCf. 

U'ifpls;)iiu  1 1)4/,]6  5/ OU  i«!ei<6IO  I/ft 
TeM»*  (1)4?  38  S?  99 


»t '  AJIi  •  liiH  '.  Ni ' !  linM  '.!.>(  Iis  Hi  A(  I  At{|>  puMic'4iioii>>  ill  Mk  .ili-tii'  iidiirirti  (<it  Kcnciiil  (Jmliib'iiHtfl  Imliai  itc.riPiini  i!!  =  i  A'  >  AHl 
:  t\  rn.til  -  i.i  Ai  iAHIl  Mi-nilH  i  Niiltnns  ihiou|.'h  Hie  (iil)<iiftin«  Nalionat  DiMilKiliiin  < 'cniro  I  unher  roriHii  uti:  Muntsimr 

,  ■•  i'll;-  (iMii!  ilirM- 1  eiinc.  k'vtct'l  in  tlie  1  'iiiieil  StaU  t).  Imi  it  noi  purrhawrt)  in  Miiroliehc  or  l^olitiiiny  the  Ss3e 

,  ::.i.  IC-,  IlMCll  I'clow 


NA  I K  »NAI  I  US  I  KIIIIJ I  ION  C  I;N  I  RbS 


|::  ;  '  .H  ,M 

t  i'ni(iiini!itktn  AtiAUi)  Vsl 
‘  !  ilMajnr  (!e  l;i  l  our  Avrictiin 
<  Heine  l  livil'clli 

line  ill  vcie.  !  I  •lOliitiitelieH 

I  ',k\!!A 

Direi  lor  Scientific  Inlormaliun  Services 
1  )cjit  of  Nalioiittl  Defence 
( Mhkvn.Onhirio  KIAOK? 

!■:  \MAUK 

I  i.iriisfi  Ddeiue  kcsc.iieh  Uo  i<! 

S'eil  liliachpnrken  4 
\iU)  ( 'opcntiajien  ( ) 

i  IIANI  i, 

( )  N  1  U.A.  (Dirccli«*n| 

-‘I  Avenue  ile  la  Division  l  .tiUis 
_  'I.)  12(1  < 'iu'iiillon 


I.DXI  MHODUG 
^I•|•  lle!)tiun) 

Nl  llll  R1.ANDS 

Nciheilandt  Dclefiaiion  to  AGAKD 
National  Acrmpacc  lailniialory  NI  U 
Kltiyvcrweg  1 
’629  HS  Delft 

NORWAY 

Notwc^iart  Defence  Kcscatcit  I  slalilf  Snnuii 
Atm:  Dibliolckct 
1>.0  •fiw25 
N  H7Ki  Her 

'•  t.A! 

•j.  tnnwlf  oorditiati.if  to  A(iAK!> 
I  .  :  1  .ii  ifos  c  l’r;'  -,r.imas  ^ 


(.IKMANY 

fathinfdtmalionsicnliuni 

Karlsruhe 

n-7,Sl4  l•l'^l.■nMcln•l,copol^l■,llillcn  2 


>:iKI  I  t,  h 

I  ii  llciuc  Air  I'orce 
Air  War  College 
Scieniilic  ami  Technical  l.ihraiy 
DcKella  Air  r'orce  Have 
Dckdia.Alhcns  TGA  I  (1 10 

('  i  l.AND 

Diiecloi  of  Avialnin 
C  O  I  lugrad 
Urykjavik 


KK  Y 

NMli ;  .  ;riM  Ra^anligt  (MSHi 
’  tOl  ‘SrV.  :gi(ARGl  t 
Vat 

I'NI.f  >> KINGDOM 

IMeiicc  Reicarch  Intormi'iioii  Ccniie 
Kcntigcrn  Haute 
65  Brown  Street 
Olavgow  G2  HtX 


.i.ATY 

Acronautica  Militarc 

Ufliciodcl  Dcicgalo  Na/ioiuils'.ill  AfiAKD 
I  Piarralc  Adenauer 
ml  1 44  R()ma,'T.UR 


ONITI  DSTA  ITiS 

Nitkmat  Aeicmau'.ict  and  Space  Admirtistiation  (N  AS Ai 

lautEley  Rcicarth  (.'enter 

M/S^IRO 

Hampton.  Virgiiba  2 ’oftS 


mil  UNi  rt-DS  I  A  I  I  S  NA  HONALOISTRIUUTION  CENTRE  (NASA)  Dots  NOT  HOl.D 
S  KK'KS  01-  AOARD  I'UHl.It  A'llONS,  AND  APPLICATIONS  FOR  COPIES  SHOULD  BE  MADE 
I  >IIU  Cl  10  I  HI-  NATIONAL  l  EX  HNICAL INTORMATION  SERVICE  (NTIS)  AT  THE  ADDRESS  BELOW 


N.inoria!  lechnfial 
Idoimitlfon  ScrvirefNI'ISf 
'•  :'k’4  Port  Riiysl  Road 
Sjoifigtidd.  Virginia  22161 
>  "lined  Stairs 


SALES  AGENCIES 

ESA/litfofimukm  Rctrteval  Service  Ihi!  Htindi  Ldmiii  ' 

H  It  rnpean  Space  A|ency  OoctHnent  Simply  ('enoc 

10,  nio  Mario  NHeU  Roirw  SfNt.  WtihaH 

7.50ISPai4*  WeRY<iiiiliRcl.S2.(7no 

Franca  Umitd  Kingdam 


Hci|ucst»f-irmM.r<>fkhcnoipl*iHiicripi«»ot  AGAKD  <locuineaU{ttKludRitrai(itni»k>NTni|«l«<wMlacliitlellw«tirti'ACiAllI)'andih( 
A'  lAUDsctisI  numherffoteMmpIc  AOARD-AO- Jl  5)X'nitaiaftdlnranMwmMNha«lMraitdpiiMkiaM«lHeRil(iiod^ 

A  • .  A  KD  Reptifit  and  Advlwiry  Kepofta  tlmuld  hr  «Mci(lcd  an  AGARD-RtiMiMid  AOAWIVAR  itiw.Nif»a»liaa>j.t^>iBifcltap»^ 
referencat  mkI  ubiiracta  ol  ■  AGARD  fittMcMkiiiiM9||fvMllii  iIm^  lD4tfi4i||||oiMM^ 


;  o  niiln  and  Teelmiail  AennpM’a  Raport*  tSl  ARj 
iii’Hdicdl  hy  NASA  ScIcflflOe  and  Technical 


I 

leSormatitm  Dfvtcfim 
NASA  Ilmdqijatiffv  (NIT  i 

W.oTisngtfio  DC.  »(I546 

(  rOnl  Mati'i 


Y^i® 


0° 


VHfwMd 

I  SaaMMuP 

UMIM  0*WY 

(alw  ava^MNt  rwlaae  Wi  NTfS  iiM<iiiigm|ntai 

(Tawlww  « *»  t 


I  Vi  »tn/  t»f  .YfavTaftW  >Yl«ai«t  l.iotaiw.* 

hm,  mm -Jiff 

fSRNNj  *HT«S5 J 


